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SUMMARY 
A computer program has been developed a t  the Langley Research Center t o  p r e d i c t  
t he  d i s c r e t e  frequency no i se  of convent ional  and advanced h e l i c o p t e r  r o t o r s .  The 
program, c a l l e d  WOPWOP, uses  the  most advanced subsonic formulat ion of Fa ras sa t  t h a t  
is less s e n s i t i v e  t o  e r r o r s  and is v a l i d  f o r  near ly  a l l  h e l i c o p t e r  r o t o r  geometries 
and f l i g h t  condi t ions .  A b r i e f  de r iva t ion  of the acous t i c  formulat ion is presented 
along with a d i scuss ion  of the  numerical implementation of t he  formulation. The com- 
pu te r  program u s e s  r e a l i s t i c  he l i cop te r  blade motion and aerodynamic loadings , i npu t  
by the  user ,  f o r  no ise  c a l c u l a t i o n  i n  the  time domain. The s t r u c t u r e  of the  program 
and the  subrout ines  desc r ib ing  the  inpu t  func t ions  are descr ibed i n  t h i s  r epor t .  A 
d e t a i l e d  d e f i n i t i o n  of a l l  t he  inpu t  va r i ab le s ,  d e f a u l t  values ,  and output  da t a  i s  
included. A comparison w i t h  experimental  da t a  shows good agreement between predic- 
t i o n  and experiment;  however, accu ra t e  aerodynamic loading is  needed. 
A second program, which is used to  provide graphic  output ,  is  descr ibed b r i e f l y  
i n  an appendix. Four r e a l i s t i c  example cases  a r e  presented.  Complete inpu t  d a t a ,  
p r i n t e d  output ,  and g raph ica l  ou tput  a r e  included i n  t he  appendixes f o r  each of t he  
example cases. These examples can be reproduced by use r s  t o  check the  program on 
t h e i r  system. 
INTRODUCTION 
Hel icopters  have proven t o  be a very v e r s a t i l e  means of t r a n s p o r t a t i o n  and fu l -  
fill a unique r o l l  i n  c i v i l  and m i l i t a r y  av ia t ion .  In the  p a s t ,  c o n t r o l l a b i l i t y  and 
performance completely dominated the  design requirements. As the h e l i c o p t e r  became 
more ma tu re  and i t s  u s e  w a s  expanded, a g r e a t  d e a l  of importance w a s  then placed on 
t h e  v i b r a t i o n a l  and a c o u s t i c a l  p r o p e r t i e s  of the h e l i c o p t e r  design. This i n t e r e s t  
has r e s u l t e d  i n  h e l i c o p t e r s  t h a t  a r e  q u i e t e r  and v i b r a t e  less; however, l a rge  ga ins  
can s t i l l  be made i n  t h i s  e f f o r t .  
Since model and f u l l - s c a l e  t e s t i n g  of he l i cop te r  r o t o r s  can be time-consuming 
and expensive,  a computer program, c a l l e d  WOPWOP, has been developed a t  the  Langley 
Research Center t o  p r e d i c t  t he  d i s c r e t e  frequency noise  f o r  h e l i c o p t e r  ro to r s .  This 
paper is intended as a desc r ip t ion  of t he  WOPWOP proqram. WOPWOP is a c t u a l l y  an up- 
dated vers ion of an earlier computer program developed a t  Langley by Paul A. Nystrom 
and F. Farassa t ,  bu t  WOPWOP uses  a more advanced a c o u s t i c  formulat ion and a l l  realis- 
t i c  blade motions. References 1 and 2 r e f e r  t o  a vers ion of the Nystrom-Farassat 
program t h a t  w a s  developed f o r  advanced p rope l l e r s .  The o r i g i n a l  h e l i c o p t e r  program 
w a s  n o t  documented and used a considerably d i f f e r e n t  computation s t r a t e g y ;  t he re fo re ,  
only the p resen t  vers ion of WOPWOP w i l l  be discussed. 
The program WOPWOP uses  acous t i c  formulation 1A of Fa ras sa t  ( r e f .  3 ) .  This 
time-domain formulat ion is va l id  i n  both the  near - f ie ld  and f a r - f i e l d  and i s  appro- 
p r i a t e  f o r  a r b i t r a r y  blade motions with loading given on e i t h e r  t he  a c t u a l  blade sur-  
face  or the  mean camber sur face .  In WOPWOP, the f lapping ,  f ea the r ing ,  and lead-lag 
motion of a h e l i c o p t e r  r o t o r  i n  hover, v e r t i c a l  f l i g h t ,  and forward f l i g h t  are de- 
s c r ibed  using c o e f f i c i e n t s  of a Fourier  s e r i e s .  Coe f f i c i en t s  up t o  the  second har- 
monic can be spec i f i ed .  WOPWOP can also be used t o  s imula te  p r o p e l l e r s  c o r r e c t l y  i n  
asymmetric f l i g h t  condi t ions ,  r a t h e r  tnan to  change the loadii-ig distributim to 
account for asymmetry i n  an axisymmetric f l o w ,  a s  i s  normally done. The formulat ion 
used i n  wOPWOP does n o t  r equ i r e  a numerical t i m e  d i f f e r e n t i a t i o n  found i n  F a r a s s a t ' s  
e a r l i e r  formulation and, f o r  t h i s  reason, i s  better s u i t e d  t o  s tudy  impulsive blade 
loadings such as blade-vortex i n t e r a c t i o n .  A br i e f  d e r i v a t i o n  of Farassat's formula- 
t i o n  1~ is included f o r  completeness as w e l l  as a d iscuss ion  of how the  formulat ion 
is  implemented numerically.  Spec ia l  e f f o r t  has been taken t o  minimize the  mathemat- 
i c a l  and numerical approximations used. 
I The program WOPWOP uses inpu t  i n  the  form of blade geometry, r e a l i s t i c  blade 
motion, and aerodynamic blade loading t h a t  are inpu t  through a FORTRAN namel i s t  and 
th ree  inpu t  subrout ines .  Using t h i s  combination f o r  i npu t  ensures  g r e a t  f l e x i b i l i t y  
when the program i s  appl ied  t o  d i f f e r e n t  engineer ing  a p p l i c a t i o n s .  The n a m e l i s t  
i n p u t  and input  subrout ines  are descr ibed  i n  d e t a i l ,  and the  program ou tpu t  is  ex- 
plained as well. In  appendix A, a sample procedure t o  execute  WOPWOP on a VAX with 
the  VMS operat ing system is shown. Appendix B conta ins  four  example cases  with 
p r in t ed  output from the  program WOPWOP. An i n t e r a c t i v e  pos tprocess ing  program, 
c a l l e d  WOPPLT, i s  descr ibed i n  appendix C ,  and the  g raph ica l  ou tpu t  f o r  the  four  
example cases is shown i n  appendix D. 
SYMBOLS AND ABBREVIATIONS 
BPF blade passage frequency 
speed of sound i n  undis turbed medium 
cO 
E dis tance  from rotor hub c e n t e r  t o  lead-lag hinge 
l E2 r a d i a l  d i s t ance  from c e n t e r  of r o t o r  hub 
ER nondimensional r a d i a l  d i s t a n c e  , E2/R 
f ( $ , t )  = 0 equation of blade su r face  
loca l  fo rce  per u n i t  area on f l u i d  i n  d i r e c t i o n  i t i  
I M Mach number 
Mach number i n  r a d i a t i o n  d i r e c t i o n  Mr 
n u n i t  outward normal vec tor  t o  su r face  f = 0 
CL 
OASPL o v e r a l l  sound pressure  l e v e l ,  dB ( r e  20 pPa) 
PCA p i t ch  change a x i s  
p '  acous t i c  pressure  
Q chordwise pos i t i on  expressed as f r a c t i o n  of chord 
R radius  of r o t o r  blade 
r length of r a d i a t i o n  vec tor ,  Ix '  - $ 1  
+ r 
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u n i t  r a d i a t i o n  vector ,  r/r 
su r face  area of blade 
sound pressure  l e v e l  
observer  t i m e  
u n i t  t angent  vector  to  su r face  f = 0 
l o c a l  normal v e l o c i t y  of blade sur face  
l o c a l  ve loc i ty  of blade su r face  
observer  pos i t i on  i n  frame f ixed  with r e spec t  t o  undisturbed medium 
observer  loca t ion  
source p o s i t i o n  i n  frame f ixed  w i t h  r e spec t  t o  undisturbed medium 
p o s i t i o n  vector  from o r i g i n  of ground-fixed frame (GF) t o  moving frame (MF) 
rotor-shaf  t tilt angle  
blade f lapping  angle  
Dirac d e l t a  func t ion  
blade lead-lag angle  
blade-fixed frame coord ina tes  
blade f ea the r ing  angle  
d e n s i t y  of undisturbed medium 
source t i m e  
azimuthal  angle  
Laplacian opera tor  
Subscr ip ts  : 
J3 blade-fixed frame (BF) 
F f l app ing  frame (FF) 
i , j  i n d i c e s  of summation, i and j = 1,  2, o r  3 
L lagging frame (LF) 
M moving frame (MF) 
R r o t a t i n g  frame i R F j  
3 
r r ad ia t ion  d i  rec t ion 
ret  evaluated a t  r e t a r d e d  o r  emission t i m e  
1 ,2 ,3  coord ina te  d i r e c t i o n s  
THEORETICAL FORMULATION 
The problem of no i se  p r e d i c t i o n  can be represented  as t h e  s o l u t i o n  of t h e  wave 
equat ion  i f  t h e  d i s t r i b u t i o n  of sources  on the  moving boundary ( t h e  r o t o r  b lade  
s u r f a c e )  and i n  t h e  flow f i e l d  is  known. The n o i s e  p r e d i c t i o n  should n o t  be l i m i t e d  
t o  a p a r t i c u l a r  b lade  geometry o r  blade motion, and observer  p o s i t i o n s  i n  both t h e  
n e a r - f i e l d  and f a r - f i e l d  should be included. Ffowcs W i l l i a m s  and Hawkings ( r e f .  4 )  
der ived  the  governing d i f f e r e n t i a l  equat ion  by apply ing  t h e  a c o u s t i c  analogy of 
L i g h t h i l l  ( r e f .  5 )  t o  bodies i n  motion. F a r a s s a t  has developed s e v e r a l  i n t e g r a l  rep- 
r e s e n t a t i o n s  of t h e  Ffowcs Williams-Hawkings (FW-H) equat ion  t h a t  are v a l i d  f o r  gen- 
e r a l  motions i n  both subsonic and supersonic  flow. These i n t e g r a l  r e p r e s e n t a t i o n s  
become s o l u t i o n s  to  t h e  a c o u s t i c  problem when t h e  body geometry, motion, and s u r f a c e  
loadings  are given. Farassat n e g l e c t s  t he  volume source term, o r  "quadrupole" term, 
i n  t h e  FW-H equation on the basis t h a t  t h e  t e r m  becomes impor tan t  only f o r  s t r o n g l y  
t r a n s o n i c  flow and the source s t r e n g t h  is gene ra l ly  n o t  a v a i l a b l e  i n  practice. How- 
eve r ,  Hanson and Fink ( r e f .  6 ) ,  as w e l l  as Schmitz and Yu ( r e f .  7 ) ,  have shown t h a t  
t h i s  quadrupole term can he important f o r  high-speed r o t a t i n g  machinery, p a r t i c u l a r l y  
those with th ick  blades.  This shortcoming of t he  formulation should be addressed  i n  
t h e  fu tu re .  Formulation 1 A  of Farassat, which is used i n  WOPWOP, w i l l  be b r i e f l y  
der ived  i n  the following s e c t i o n  by us ing  t h e  o r i g i n a l  method. A more complete 
d i scuss ion  of t h i s  d e r i v a t i o n  is  found i n  r e fe rences  3, 8, and 9. 
DERIVATION OF FORMULATION 1 
The governing d i f f e r e n t i a l  equat ion  used he re  is  t h e  Ffowcs Williams-Hawkings 
(Fw-H) equation. L e t  f ( $ , t )  = 0 desc r ibe  the  su r face  of t h e  b lade  where f > 0 
o u t s i d e  t h e  blade. The FW-H equation i s  
2 - t  1 a2pg 
c2 a t 2  
0 p ' ( x , t )  = -- 
0 
a = - [ p  v a t  o n 
2 - v p' 
where p' i s  t h e  acoustic p re s su re ,  po  and co are t h e  d e n s i t y  and speed of sound 
of t h e  undisturbed medium, r e s p e c t i v e l y ,  vn 
h lade  surface, R i  is t he  fo rce  per u n i t  area on t h e  f l u i d ,  Ti j  i s  t h e  L i g h t h i l l  
4 
i s  the  l o c a l  normal v e l o c i t y  of t h e  
stress 
P .  .6 
s u r e  a 11 j' 
t enso r ,  and 
where 
.nd v iscous  s 
' i j  
o2 denotes the wave operator.  The q u a n t i t y  I I .  i s  equa l  t o  
tress and fi i s  the u n i t  outward normal vec tor  t o  the  su r face  
i s  the compressive stress tensor  t h a t  inc ludes  de sur face  pres -  
f = 0. and 
H ( f ) ,  r e s p e c t i v e l y .  This n o t a t i o n  is  c o n s i s t e n t  with that  of Fara'ssat ( r e f .  3 ) .  The 
Source terms on the  right-hand s i d e  of the  FW-H equation are known as t h e  th ickness ,  
loading, and quadrupole t e r m s ,  r e spec t ive ly .  
The Dirac d e l t a  func t i an  and the  Heaviside func t ion  are denoted by 6 ( f )  
The Green's func t ion  f o r  t he  wave equation i n  unbounded space is  6 ( g ) / 4 n r  
where 
( 2 )  
r 




and r = 1': -+yl. He;e T and t are the  source and observer t i m e s ,  r e spec t ive ly .  
The vec to r s  x and y are the  source and observer p o s i t i o n s ,  r e spec t ive ly .  Noting 
t h a t  t he  th ickness  and loading terms are source terms on t h e  right-hand s i d e  of the 
FW-H equat ion ,  one can use  the  formal so lu t ion  of the wave equat ion  t o  g i v e  the  
i n t e g r a l  r e p r e s e n t a t i o n  
Note t h a t  t h e  "y frame is f i x e d  t o  t h e  undisturbed medium. L e t  a b lade- f ixed  frame 
q be def ined  and r e l a t e d  t o  t h e  y frame by + + 
+ 
where y o ( r )  i s  the p o s i t i o n  of the o r i g i n  of the frame and A ( r )  i s  the t r a n s f o r -  
mation matrix.  Then the  Jacobian of the  transformation is u n i t y  s i n c e  the determi- 
n a n t  of A ( T )  i s  1 .  Using t h i s  r e s u l t ,  equation ( 3 )  may now be w r i t t e n  
5 
Now change the va r i ab le  of i n t e g r a t i o n  from T t o  g, keeping n f ixed .  The Jaco- 
bian of the  t ransformation is  /c i s  t h e  
Mach number i n  t$e r ad ia t ion  d i r e c t i o n .  If f is  a func t ion  of Tl only and d: 
i s  wr i t t en  as 
f = Constant,  t he  r e s u l t  w i l l  he 
+ +  
1 / 1 1  - M r l  
dS 
where Mr = v Pfc = v 
is an element of su r face  area on 
o + i i  o 
dn = df dS/lVf I , where 
a dS - [r(,ll! ] dS (5) + 
Mr' re t  ax i f =o 
411 p ' ( x , t )  = - a t  
f =o 
where the subsc r ip t  ret denotes  t h a t  the  in tegrand  is  eva lua ted  a t  the source o r  
retarded t i m e .  The s p a t i a l  d e r i v a t i v e  of the  second i n t e g r a l  can be converted t o  a 
t i m e  de r iva t ive  g iv ing  the r e s u l t  t h a t  Farassat has c a l l e d  formulat ion 1 ,  which i s  
wr i t t en  as 
dS (6) 
re t  
A 
where 11, = tiri 
Farassat used t h i s  formulat ion f o r  h i s  e a r l y  work with the t i m e  d i f f e r e n t i a t i o n  
evaluated numerically.  
is  the  fo rce  on the  f l u i d  per  u n i t  area i n  t h e  r a d i a t i o n  d i r e c t i o n .  
DERIVATION OF FORMULATION 1A 
The speed and accuracy of the  c a l c u l a t i o n  i s  improved by e l i m i n a t i n g  the  numer- 
ical  d i f f e r e n t i a t i o n ;  t he re fo re ,  us ing  equat ion ( 2 )  and the  f a c t  t h a t  r is a 
funct ion of T g ives  
a 1 a 
El; = (1 - Mr =I+) x re t  
This r e l a t i o n  al lows the  t i m e  d e r i v a t i v e s  t o  be taken i n s i d e  the  f i r s t  i n t e g r a l .  
Then, from using the  use fu l  r e l a t i o n s  
ar 
a T  r 
- -  - -v 
A A 
ari r . v  - v 
a T  r 
i r  i - -  - 
t 
---(r c r  i 8 . r  - + v  r - v  2, a Mr 
a vi 1 - 
0 
a.r 
t h e  f i n a l  r e s u l t  is 
where 
p v (rii;i + c M - C ~ M  o r  
r ( 1  - M r )  2 3 
d S +  I [  O n  
f=O f = O  re t  
. A  
Rr - RiMi . 
C 2 
0 f=O r ( 1  - M r )  r e t  f = O  
dS 
r e t  
R r ( r i i G i  + c M - c o r  
C 3 
0 f=O r ( 1  - M r )  L L J re t  
H e r e  p i  and p i  d e n t t e  tbe acous t i c  pressure due t o  th ickness  and loading,  respec- 
t i v e l y .  The d o t s  on Mil  R i l  and Gn denote the  r a t e  of v a r i a t i o n  with r e s p e c t  to  
source t i m e .  This i n t e g r a l  r ep resen ta t ion  of the FW-H equat ion i s  known as formula- 
t i o n  1 A  of Farassat. It is  s l i g h t l y  more general  than Farassat reported i n  r e f e r -  
ence 3 i n  t h a t  it inc ludes  the  Gn term i n  the th ickness  con t r ibu t ion .  The impor- 
t ance  of t h i s  t e r m  has not  been determined and is  thought t o  be small ,  bu t  it is 
included f o r  completeness. Only the quadrupole t e r m  i n  the FW-H equat ion has been 
neglected.  Formulation 1 A  is  computationally more e f f i c i e n t  s i n c e  the  numerical t i m e  
d e r i v a t i v e  of formulat ion 1 has  been replaced and impulsive loading can be used as 
w e l l .  
Formulation 1 A  is v a l i d  f o r  a r b i t r a r y  blade motion and geometry. me sources  
l /r2 
l i e  on the  a c t u a l  body su r face  and can include loading from any mechanisms t h a t  a c t  
on t h e  blade sur face .  Near-f ie ld  and f a r - f i e l d  terms are seen e x p l i c i t l y  a s  
and l /r  terms i n  the i n t e g r a l s ,  respec t ive ly .  The observer  is  assumed t o  he f ixed  
t o  the iindistiirbed m e d i u m ,  but a moving observer can also be used by changing t h e  
observer  p o s i t i o n  a t  each observer  t i m e .  Formulation 1 A  is  wel l - su i ted  t o  h e l i c o p t e r  
7 
r o t o r s  with subsonic t i p  speeds, e s p e c i a l l y  if the  blade does n o t  exceed the  sec t ion  
c r i t i c a l  Mach number. 
PROGRAM DESCRIPTION 
Although the a c o u s t i c  formulat ion 1A of Farassat a l lows  a r b i t r a r y  blade motion, 
geometry, and observer l oca t ions ,  the  numerical  s o l u t i o n  is  only of i n t e r e s t  f o r  re- 
a l i s t i c  f l i g h t  condi t ions  and r o t o r  geometries.  Thus, the  computer program has been 
w r i t t e n  t o  include a l l  r ea l i s t i c  h e l i c o p t e r  blade motions. The numerical  implementa- 
t i o n  of formulation 1A and the  corresponding approximations w i l l  be d iscussed  i n  t h i s  
s ec t ion .  
, The noise  c a l c u l a t i o n  i n  WOPWOP is commenced by d iv id ing  t h e  r o t o r  blade s u r f a c e  
i n t o  a number of panels .  A numerical  i n t e g r a t i o n  is  c a r r i e d  o u t  assuming t h a t  t h e  
i n t e g r a t i o n  over each panel  may be approximated us ing  the  in tegrand  value a t  t h e  
c e n t e r  and then c a l c u l a t e s  the con t r ibu t ion  t o  the  no i se  f r o m  t h e  pane l  f o r  a l l  t h e  
des i r ed  times. T h i s  process  i s  repeated f o r  each blade and f o r  a l l  remaining panels  
t o  complete the i n t e g r a t i o n  over the  a c t u a l  blade sur face .  The number of pane ls  t h a t  
can be used is no t  l imi ted ;  however, 60 chordwise panels  and 40 r a d i a l  panels  could  
be considered an upper bound. The summed e f f e c t  of a l l  t he  pane ls  a t  t h e  observer  
l oca t ion  f o r  a l l  observer t i m e s  de s i r ed  g ives  the  a c o u s t i c  p re s su re  t i m e  h i s t o r y .  
The t i m e  h i s t o r y  is then Four ie r  decomposed t o  f i n d  the  a c o u s t i c  spectra i n  terms of 
sound pressure l e v e l  ( S P L )  and phase f o r  each harmonic. The o v e r a l l  sound p res su re  
l e v e l  (OASPL) i s  ca l cu la t ed  as w e l l .  
, panel  c e n t e r  for the  e n t i r e  pane l  area. The program WOPWOP determines the  pane l  
The observer p o s i t i o n  is f i x e d  i n  a ground-fixed re ference  frame ( f i g .  1 ) .  The 
The a c t u a l  a c o u s t i c  ca l cu?a t ions  are performed i n  a ground- 
observer  loca t ion  i s  s p e c i f i e d  i n  the  observer  re ference  frame ( O F ) ,  where (OFI1 
p o i n t s  forward, (OF)2 p o i n t s  to  the  l e f t ,  and ( O F )  p o i n t s  upward, forming a r i g h t -  
hand coordinate  sys tem.  
f i x e d  re ference  frame ( G F )  . "he o r i g i n  of the  GF frame corresponds t o  the  OF frame 
and (GF13 is  r o t a t e d  an ang le  
from the  r i g h t  s i d e  of the h e l i c o p t e r  (for a r o t a t i o n  of t he  p o s i t i v e  sense ) .  H e r e  
( G F ) 2  and (OF)2 are coinc ident  and af desc r ibes  the  angle  between the  r o t o r  s h a f t  
and the  v e r t i c a l .  The angle  af i s  negat ive  when the  r o t o r  s h a f t  is t i l t e d  forward. 
af i n  t he  counterclockwise d i r e c t i o n  when viewing 
The ro to r  blade is descr ibed  i n  a blade-fixed re ference  frame ( B F ) .  It is con- 
venien t  t o  descr ibe the  blade su r face ,  su r f ace  normal vec tor ,  and s u r f a c e  tangent  
vec tor  i n  the BF frame s ince  these  q u a n t i t i e s  are independent of t i m e  i n  t h e  BF 
frame. Since the a c o u s t i c  c a l c u l a t i o n s  are performed i n  t h e  GF frame, a series of 
in te rmedia te  re ference  frames are used to  desc r ibe  the  blade-fixed vec tor  q u a n t i t i e s  
i n  the  ground-fixed frame of reference.  The t ransformat ions  used i n  WOPWOP w i l l  be 
descr ibed  t o  c l a r i f y  the  p rec i se  motion of t he  r o t o r  b lade  i n  WOPWOP. 
I Four intermediate  re ference  frames are used t o  relate q u a n t i t i e s  i n  the  blade- 
f ixed  frame to the  ground-fixed frame. These are necessary  to  inc lude  the  h e l i c o p t e r  
forward motion, blade r o t a t i o n ,  f lapping ,  f ea the r ing ,  and lead-lag motions. F igure  1 
shows the r e l a t i o n s h i p  between the  ground-fixed frame (GF) and a nznro ta t ing  moving 
frame (MF) . MF corresponds t o  G F  a t  t i m e  t = 0, and t h e  vec tor  y o ( t  relates the  
o r i g i n  of the  MF frame t o  t h e  o r i g i n  of the  GF frame. The Vector y o ( t )  $ s  def ined  
as t h e  product of observer  t i m e  t wi th  the  h e l i c o p t e r  v e l o c i t y  vec tor  VH. A 
r o t a t i n g  frame (RF) i s  r e l a t e d  to  t h e  moving frame (MF) by t h e  angle  9 ,  which is  
measured from t h e  t a i l  of the  h e l i c o p t e r  i n  a counterclockwise d i r e c t i o n  when looking 
-b 
8 
from above ( f i g .  2 (a ) ) .  RF corresponds t o  MF when JI = 180°. The f l app ing  motion of 
t he  blade is  descr ibed  by the  f l app ing  reference frame (FF). Since t h e  a c t u a l  geome- 
t r y  of h e l i c o p t e r s  can vary,  t h e  f l ap  hinge i s  assumed to  be a t  t h e  c e n t e r  of the  ro- 
tor s h a f t .  The f l a p  ang le  8 relates the r o t a t i n g  frame (RF) t o  the  f l app ing  frame 
(FF) ( f i g .  2 ( b ) ) .  The lead-lag motion of t he  blade i s  assumed t o  act  a t  a l a g  hinge 
t h a t  is a d i s t a n c e  E from the r o t o r  s h a f t  along the (FFI2-axis. The lead-lag mo- 
t i o n  t akes  place i n  the  (FF),(FF)2-plane.  The lead-lag angle  5 and l a g  hinge o f f -  
se t  E relate the  f l app ing  frame (FF) t o  the  lead-lag frame (LF)  ( f i g .  2 ( c ) ) .  The 
(LF) a x i s  is t h e  p i t c h  change a x i s  of the  ro tor  blade. The lead-lag r e fe rence  frame 
is  r e l a t e d  t o  the  blade-f ixed frame (BF)  by the f e a t h e r i n g  ang le  8 ( f i g .  2 ( d ) ) .  
A l l  t h e  blade motions are assumed t o  be rigid-body motions i n  WOPWOP. 
2- 
Coordinate t ransformat ions  between reference frames become very simple us ing  
t ransformat ion  matrices and matr ix  a lgebra.  For example, i f  is  a p o s i t i o n  vec tor  
of a p o i n t  i n  the  blade-f ixed frame and we want y, t he  pos i t i on  vec tor  of t he  same 
+ 
p o i n t  i n  t h e  ground-f ixed frame then is 





y o ( t )  = t ( V H )  
[T I = [T IITRF1 [TFLIIT LB I MB MR 
Here 3 is  the  h e l i c o p t e r  ve loc i ty ,  t i s  the observer  t i m e ,  E is  the  l a g  hinge 
o f f s e t ,  and ITXy] is  the  gene ra l  t ransformation mat r ix  r e l a t i n g  frame Y t o  frame 
X. Time d e r i v a t i v e s  of vec to r s  can be ca l cu la t ed  j u s t  as e a s i l y  by t ak ing  t h e  t i m e  
d e r i v a t i v e s  of t he  t ransformation matrices. The assumed blade motion can be changed 
by simply changing the  d e f i n i t i o n s  of the  in te rmedia te  re ference  frames. 
In  WOPWOP, the  f l app ing  angle  8 ,  lead-lag angle  5 ,  and f e a t h e r i n g  angle  8 
are descr ibed  by a t runca ted  Four ie r  series t h a t  i nc ludes  a cons t an t  term and t h e  
f i r s t  and second harmonics. The motion is input  by spec i fy ing  t h e  Four ie r  c o e f f i -  
c i e n t s  f o r  t he  angle  i n  ques t ion .  More general  motion could e a s i l y  be included,  b u t  
t h i s  d e s c r i p t i o n  is  be l ieved  t o  be s u f f i c i e n t l y  accu ra t e  f o r  n o i s e  p r e d i c t i o n  s i n c e  
blade motion i s  gene ra l ly  c a l c u l a t e d  or measured i n  terms of these  c o e f f i c i e n t s .  
Having descr ibed  the  motion of the  r o t o r  blade,  t he  c a l c u l a t i o n  of t h e  in tegrand  
a t  each panel  c e n t e r  fol lows d i r e c t l y  from the t h e o r e t i c a l  formulat ion.  The vec tor  
q u a n t i t i e s  t h a t  are cons t an t  on the  su r face  of t h e  pane l  are c a l c u l a t e d  i n  t h e  blade- 
f ixed  frame. Then, t he  r e t a rded  t i m e  f o r  the pane l  is  ca l cu la t ed .  Next, a l l  t h e  
q u a n t i t i e s  are transformed or c a l c u l a t e d  i n  the ground-fixed frame and t h e  in tegrand  
i s  ca l cu la t ed .  The nea r - f i e ld  and f a r - f i e l d  components of loading  and th i ckness  
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no i se  are computed and summed sepa ra t e ly .  To reduce numerical  e r r o r ,  a l l  p o s i t i v e  
and negat ive  q u a n t i t i e s  are summed s e p a r a t e l y  and added only  once a t  the  end of a l l  
c a l c u l a t i o n s .  
The retarded-time c a l c u l a t i o n  is  made us ing  a numerical  technique similar t o  
Newton's method. The con t r ibu t ion  of one panel  is  c a l c u l a t e d  f o r  a l l  t i m e s  around 
t h e  azimuth so t h a t  t he  r e t a rded  t i m e  from the las t  c a l c u l a t i o n  can be used as the  
i n i t i a l  guess f o r  t h e  next  c a l c u l a t i o n .  This  decreases  the  number of i t e r a t i o n s  
necessary  i n  the  retarded-time c a l c u l a t i o n  when many t i m e  p o i n t s  around the azimuth 
are ca lcu la ted .  To reduce computational t i m e  f u r t h e r ,  t he  r e t a rded  t i m e  is ca lcu-  
l a t e d  only on the  mean camber s u r f a c e  and i s  used f o r  both the  upper and l o w e r  sur-  
faces. This  process  reduces the  number of re tarded-t ime eva lua t ions  by a f a c t o r  of 2 
and has n o t  been found t o  have any s e r i o u s  e f f e c t  on the  no i se  c a l c u l a t i o n s .  
Af te r  the acous t ic -pressure  t i m e  h i s t o r y  c a l c u l a t i o n  has been completed, the 
sound pressure l e v e l  and phase are c a l c u l a t e d  us ing  a slow Four ie r  t ransform rou- 
t i n e .  This rout ine  c a l c u l a t e s  t h e  Fourier  c o e f f i c i e n t s  us ing  an i n t e g r a t i o n  of t h e  
acoust ic-pressure t i m e  h i s t o r y .  The numerical  i n t e g r a t i o n  is done us ing  Simpson's 
ru l e .  Overal l  a c o u s t i c  pressure ,  loading p res su re ,  and th ickness  p re s su re  are formed 
as a summation of component p re s su res  i n  t h e  t i m e  domain and are then Four ie r  decom- 
posed. Both t h e  acous t ic -pressure  t i m e  h i s t o r i e s  and s p e c t r a  are p r in t ed .  
DESCRIPTION OF PROGRAM INPUT 
The program WOPWOP r equ i r e s  inpu t  from t h r e e  i n p u t  subrout ines  and a namel i s t  
input .  In  the fol lowing s e c t i o n  each of these  i s  descr ibed .  
I N P U T  SUBROUTINES 
Three input  subrout ines ,  FUNE2, FUNEZQ, and FUNPSI, are requi red  by WOPWOP. 
These subrout ines  are used t o  desc r ibe  the  phys ica l  and aerodynamic c h a r a c t e r i s t i c s  
of the r o t o r  blade and a l l o w  g r e a t  f l e x i b i l i t y  i n  the  d e f i n i t i o n  of t he  blade geome- 
t r y  and blade loading. The i n p u t  t o  WOPWOP may be descr ibed  by us ing  e i t h e r  a n a l y t i c  
func t ions  o r  a t a b u l a r  d a t a  form, depending upon how the  i n p u t  subrout ines  are w r i t -  
ten.  These subrout ines  must be w r i t t e n  by the  user .  Examples of each type are found 
i n  appendix B. Subroutine FUNE2 de f ines  the  blade-sect ion geometric t w i s t ,  chord,  
p i t c h  change a x i s  l oca t ion ,  maximum th ickness  ratio, and maximum camber r a t i o  as a 
func t ion  of r a d i a l  p o s i t i o n  along the  r o t o r  blade.  A l l  the  d e r i v a t i v e s  of these  
q u a n t i t i e s  i n  t he  r a d i a l  d i r e c t i o n  are def ined  as w e l l .  Subrout ine FUNE2Q d e f i n e s  
the  camber and th ickness  as func t ions  of r a d i a l  and chordwise loca t ions .  The t h i r d  
subrout ine ,  FUNPSI, de sc r ibes  the  aerodynamic blade loading on either the  a c t u a l  
blade sur face  o r  t he  mean camber su r face  as a func t ion  of azimuthal  pos i t i on .  A 
d e s c r i p t i o n  of the  v a r i a b l e s  i n  each subrout ine  follows. 
Subroutine FUNE2 
This  subrout ine de f ines  t h e  v a r i a t i o n  of the  blade geometry i n  the  r a d i a l  d i r ec -  
t i o n  ( f i g .  3 ) .  Variables re turned  from t h i s  subrout ine  are func t ions  of t he  r a d i a l  
~ d i s t a n c e  E2. N o t e  t h a t  R is t h e  r ad ius  of t he  r o t o r  blade.  
Ca l l ing  sequence: CALL FUNE2 (E2, R, A A E ~ ,  AAE2P, CH, CHP, LED, LEDP, PCAD, PCADP, 
TRAT, TRATP, CRAT, CRATP) 
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Variab le  Def in i t ion  
E2 r a d i a l  d i s t a n c e  from cen te r  of ro to r  hub along p i t c h  change a x i s  (meters) 
R r a d i u s  of r o t o r  blade (meters) 
AAE2 geometric t w i s t  of blade sec t ion  ( r ad ians )  
CH chord of blade sec t ion  (meters) 
LED leading-edge displacement (d i s t ance  from p i t c h  change a x i s  t o  lead ing  edge 
of blade s e c t i o n ) .  This is  genera l ly  nega t ive  (meters). 
PCAD perpendicular  d i s t a n c e  from chord l i n e  to  p i t c h  change a x i s  (PCA). P i t c h  
change a x i s  below chord l i n e  i s  pos i t i ve  (meters). 
TRAT maximum th ickness  r a t i o  of blade sec t ion ,  Thickness/CH 
CRAT maximum camber ra t io  of blade sec t ion ,  Camber/CH 
AAE2P, CHP, LEDP, PCADP, TRATP, and CRATP a r e  d e r i v a t i v e s  of the above v a r i a b l e s  with 
respect t o  E2. They must a l l  be real var iab les .  
Subrout ine FUNE2Q 
This subrout ine  de f ines  t h e  chordwise va r i a t ion  of t he  r o t o r  blade ( f i g .  3 
Variab les  re turned  from t h i s  subrout ine  a r e  func t ions  of the  r a d i a l  l oca t ion  E2 and 
the  nondimensional chordwise p o s i t i o n  Q. 







Def in i t ion  
same as i n  FUNE2 
same as i n  FUNE2 
nondimensional chordwise pos i t i on  measured along chord l i n e  (0. a t  lead ing  
edge, 1. a t  t r a i l i n g  edge)  
nondimensional camber funct ion.  Distance fr,om chord l i n e  t o  camber l i n e  
d iv ided  by maximum camber displacement (Max. camber = CRAT*CH). For 
symmetric a i r f o i l ,  CMBR = 0; f o r  cambered a i r f o i l ,  0. <= CMBR <= 1. 
nondimensional th ickness  funct ion.  Distance from camber l i n e  t o  upper and 
lower su r face  d iv ided  by maximum th ickness  (Max. th ickness  = TRAT*CH). 
( N o t e  t h a t  t h i s  d i s t a n c e  is  assumed t o  be perpendicular  to  t h e  chord l i n e  
and NOT t h e  camber l i n e .  1 -
The v a r i a b l e s  CMBRP and THKP are t h e  de r iva t ives  of CMBR and THK with r e s p e c t  t o  Q. 
They must be real va r i ab le s .  
1 1  
Subrout ine  FUNPSI 
T h i s  subroutine desc r ibes  t h e  p re s su re  and viscous shear  stress d i s t r i b u t i o n  on 
t h e  blade su r faces  t h a t  must come from a separate a n a l y s i s  o r  experiment. These d i s -  
t r i b u t i o n s  a r e  a func t ion  of b lade  azimuthal p o s i t i o n  ( P S I )  and l o c a t i o n  on t h e  b lade  
(E2 and Q ) .  The angle  PSI i s  de f ined  as 0 when the  blade p o i n t s  toward t h e  t a i l  of 
the  h e l i c o p t e r  and i n c r e a s e s  i n  a counterclockwise d i r e c t i o n  when looking from above 
the he l i cop te r .  The i n p u t  may be expressed as p res su re  on t h e  a c t u a l  upper and l o w e r  
s u r f a c e s  (absolu te  p re s su re  minus atmospheric p r e s s u r e )  o r  as a d i f f e r e n t i a l  p r e s s u r e  
on t h e  mean camber sur face .  If t h e  a c t u a l  s u r f a c e  p re s su re  approach is  used, t h e  
u s e r  can include a d e s c r i p t i o n  of t he  v iscous  shear  stress ( s k i n  f r i c t i o n )  f o r  use i n  
t h e  loading  noise  c a l c u l a t i o n  even though t h e  n o i s e  due t o  t h e  viscous shea r  stress 
i s  known t o  be small. If t h e  i n p u t  is i n  d i f f e r e n t i a l  p re s su re  form, t h e  program 
does n o t  include viscous stress terms i n  t h e  c a l c u l a t i o n s  and these  v a r i a b l e s  must be 
set  equa l  t o  0 i n  t h e  subrout ine .  The t i m e  d e r i v a t i v e s  of p re s su re  and v iscous  shea r  
stress must a l s o  be def ined  t o  be used. The d i f f e r e n t i a l  p re s su re  approach is rec- 
ommended only i f  d i f f e r e n t i a l  p re s su re  i s  a l l  t h a t  is  a v a i l a b l e  s i n c e  t h e  torque  and 
power c a l c u l a t i o n  may r e s u l t  i n  cons iderable  error and t h e r e  is  l i t t l e  advantage 
gained i n  program execution speed. 
C a l l i n g  sequence: CALL FUNPSI (E2, R, Q, PSI,  SURFP, DP, SPU, SPL, SIGMAU, SIGMAL, 
Variable 
DPCP, SPUP, SPLP, SIGUP, SIGLP) 












1 2  
same as  i n  FUNE2 and FUNE2Q 
same as i n  FUNE2 and FUNE2Q 
same as i n  FUNE2Q 
azimuthal angle  measured from t a i l  of h e l i c o p t e r  i n  counterclockwise 
d i r e c t i o n  when looking from above ( r a d i a n s  1 
.TRUE. - s u r f a c e  p re s su res  and viscous shear  f o r c e s  de f ined  on upper 
.FALSE. - d i f f e r e n t i a l  pressure on mean camber sur face .  Viscous 
and lower s u r f a c e s  
shear  stresses must be set  t o  0. This method is n o t  recommended. 
d i f f e r e n t i a l  p re s su re  a c t i n g  on camber sur face .  This v a r i a b l e  i s  
def ined  as DP = SPL - SPU (pascals). 
abso lu t e  p re s su re  minus atmospheric p res su re  on upper and lower 
blade su r faces ,  r e s p e c t i v e l y  (pascals) 
viscous shear  stress ( sk in  f r i c t i o n )  a c t i n g  on upper and lower 
su r faces ,  r e spec t ive ly .  Must be set  equa l  t o  0 i f  
SURFP = .FALSE ( N / m 2 ) .  
t i m e  d e r i v a t i v e  of D P  
t i m e  d e r i v a t i v e s  of SPU and SPL, r e s p e c t i v e l y  












The v a r i a b l e  SURFP is  a l o g i c a l  va r i ab le ,  whereas a l l  o t h e r  v a r i a b l e s  are real. The 
values  used f o r  the  su r face  p re s su re  and viscous shear  stress must be ca l cu la t ed  from 
some o t h e r  a n a l y s i s  o r  measured i n  an experiment and i n p u t  to  the  program through the 
subrout ine  FUNPSI. Figure 4 is  a schematic flow c h a r t  of WOPWOP t h a t  shows the  l e v e l  
a t  which each of the  t h r e e  i n p u t  subrout ines  a r e  ca l l ed .  
INPUT DATA 
A FORTRAN namel i s t ,  c a l l e d  $INPUT, is used t o  read i n  t h e  bas i c  parameters such 
as blade dimensions, r o t a t i o n a l  speed, and forward speed. The namel i s t  a l s o  inc ludes  
several parameters t h a t  c o n t r o l  t he  speed and accuracy of program execution. For 
example, t he  number of spanwise and chordwise d i v i s i o n s  (NSPAN,  NLE, and NTE), t he  
number of harmonics c a l c u l a t e d  (NSPEC) , t he  allowable error i n  t h e  retarded-time cal- 
c u l a t i o n  (EPSLON), and similar v a r i a b l e s  are def ined  through the namel i s t  input .  For 
each namel i s t  va r i ab le ,  t h e r e  is a d e f a u l t  value def ined  wi th in  t h e  program t h a t  a p  
plies to  the  case of a two-blade r ec t angu la r  ro to r .  I f  any v a r i a b l e s  are n o t  rede- 
f i n e d  i n  t h e  namel i s t  i n p u t  dur ing  a p a r t i c u l a r  s ing le-case  run, the d e f a u l t  values  
are au tomat ica l ly  used. However, once a variable is def ined  wi th in  a job,  t h a t  va lue  
w i l l  be r e t a ined  f o r  a l l  t h e  fol lowing cases within t h a t  job  u n t i l  it is  subsequent ly  
redef ined.  
The namel i s t  is followed by two case i d e n t i f i c a t i o n  l i n e s  i n  card  image format. 
The namel i s t  and case i d e n t i f i e r s  must be w r i t t e n  on a d a t a  f i l e  named WOPIN. 
Multiple-case runs,  which vary t h e  namel i s t  parameters while us ing  the  same i n p u t  
subrout ines ,  can be executed wi th in  the  same job. This execut ion may be done by 
submi t t ing  s e q u e n t i a l  namel i s t s  and i d e n t i f i e r s  f o r  each case i n  one d a t a  f i l e .  
The observer  coord ina te  system (OF) is defined as fol lows.  The (OF)1(OF)2-plane 
is  parallel to  the  ground and the (OFI3-axis po in t s  upward. The (OFI1-axis p o i n t s  i n  
the  d i r e c t i o n  of t he  wind. The o r i g i n  of t h i s  coord ina te  system is the  c e n t e r  of t h e  
r o t o r  hub a t  t i m e  t = 0. The OF reference  frame is shown i n  f i g u r e  1 .  I f  the  mov- 
ing  observer  op t ion  of the  program is  used (MOTION = .TRUE. 1 ,  then t h i s  frame w i l l  
move with t h e  h e l i c o p t e r  b u t  w i l l  r e t a i n  i t s  o r i g i n a l  a t t i t u d e ,  wi thout  r o t a t i o n ,  
wi th  its o r i g i n  f i x e d  t o  the  c e n t e r  of the  ro to r  hub. The h e l i c o p t e r  v e l o c i t y  must 
be descr ibed  i n  the  OF frame as a vec tor  
as 0 (always) ,  and VH(3) as the  a scen t  ( p o s i t i v e )  or descent  (nega t ive )  speed. 
s, with  VH( 1 )  as the  forward speed, VH( 2 )  
The f lapping ,  f ea the r ing ,  and lead-lag angles  are assumed to  be harmonic func- 
t i o n s ,  r e spec t ive ly ,  of t he  form: 
THETA = AAO - AAl*cos(PSI) - BBl*sin(PSI) - AA2*cos(2*PSI) - BB2*sin(2*PSI) 
ZETA = EEO - EEl*cos(PSI) - FFlfs in(PS1) - EE2*cos(2*PSI) - FF2*sin(2*PSI) 
where BETA i s  the  blade f l app ing  angle ,  THETA is  the  blade f e a t h e r i n g  angle ,  and ZETA 
i s  t h e  blade lead-lag angle. A l l  angles  are i n p u t  i n  the  namel i s t  i n  degrees;  how- 
ever ,  i n  the program they are a c t u a l l y  used in rad ian  measure. The d e f i n i t i o n  of t h e  
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c o l l e c t i v e  p i t ch  (AAO)  may vary depending upon how the  geometric t w i s t  of  t he  r o t o r  
blade w a s  def ined i n  the  subrout ine  FUNE2. 
, 
I Def in i t i on  of Namelist $INPUT 
Blade motion c o e f f i c i e n t s  .- 




A 2  












Defaul t  












O 0  
O 0  
O 0  
D e  f i n  i t i on 
coning angle  ( cons t an t  term i n  f lapping-angle express ion  
BETA) 
1st harmonic forward/af t  f lapping.  (See f l a p p i n g  express ion  
BETA above. 
1st harmonic la teral  f lapping .  (See f l app ing  express ion  
BETA above.) 
2nd harmonic forward/af t f lapping.  (See f l app ing  express ion  
BETA above. 
2nd harmonic l a te ra l  f lapping.  (See f l a p p i n g  express ion  
BETA above. 
c o l l e c t i v e  p i t c h  ( cons t an t  term i n  fea ther ing-angle  expres- 
s ion  T H E T A ) .  The d e f i n i t i o n  of t h i s  angle  depends upon 
how t h e  geometric t w i s t  is def ined  i n  subrout ine  FUNE2. 
1st harmonic forward/af t  f ea the r ing .  (See f e a t h e r i n g  
expression THETA above. 
1st harmonic lateral  f ea the r ing .  (See f e a t h e r i n g  express ion  
THETA above. 
2nd harmonic forward/af t  fea ther ing .  (See f e a t h e r i n g  
express ion  THETA above. 
2nd harmonic lateral f ea the r ing .  (See f e a t h e r i n g  expression 
THETA above. 
cons t an t  term i n  blade lead-lag express ion  ZETA above 
1st harmonic forward/af t  lead-lag motion. (See 
expression ZETA above. 
1st harmonic lateral lead-lag motion. (See express ion  ZETA 
above. 1 
2nd harmonic forward/af t  lead-lag motion. (See expression 
ZETA above.) 
2nd harmonic lateral lead-lag motion. (See express ion  
ZETA above.) 
Operat ing condi t ions.-  
Variable Defaul t  
C 340 m/sec 
RHO 1.234 kg/m3 
ALPHAF - 3O 
REV 300 rpm 
PTIP 0 Pa 
OBS (1  OO,O, 100) m 
Blade geometry. - 
Variable Defaul t  
Def in i t i on  
ambient speed of sound 
ambient air  dens i ty  
ang le  of a t t ack  of r o t o r  s h a f t  (nega t ive  f o r  forward 
tilt) 
r o t a t i o n a l  blade speed 
uniform suct ion p res su re  a c t i n g  on blade t i p .  If 
parameter DOTIP is .TRUE., subrout ine  TIPCAL i s  
c a l l e d  and noise  con t r ibu t ion  from edge of blade is  
added t o  loading noise .  The importance of t h i s  
term is  discussed i n  re ference  10. 
h e l i c o p t e r  veloci ty .  Second component of v e l o c i t y  
vec to r  must be set  equal  t o  0. 
i n i t i a l  pos i t ion  of observer  with respect to  X1, X2, 
X3 frame of reference.  
Def in i t i on  
RINNER 0.5 m blade cu tou t  r ad ius  
R 5 m  blade  r ad ius  
E O m  lead-lag hinge o f f se t .  (Flapping motion is assumed t o  s tar t  
a t  cen te r  of r o t o r  hub.) 
NBLADE 2 number of b l ades  
Computation information .- 
Variable Defaul t  Def in i t i on  
NPTS 100 number of p o i n t s  of pressure  s i g n a t u r e  c a l c u l a t e d  per b lade  
passage period. This q u a n t i t y  must be <401. 
NSPEC 40 number of harmonics i n  acoustic p res su re  spectrum t o  
ca l cu la t e .  Must be <NPTS/2. I f  NSPEC > NPTSj2, NSPEC 







TZERO 0 sec  
TSTOP 0 sec  
number of spanwise d i v i s i o n s  of blade f o r  numerical  
i n t e g r a t i o n  on sur face .  Divis ions are c a l c u l a t e d  by 
program t o  keep equal ly  swept areas f o r  each radial  
sec t ion .  For r e a l i s t i c  r o t o r  p red ic t ion ,  NSPAN should 
be chosen such t h a t  8 < NSPAN < 40. 
number of d i v i s i o n s  along chord from leading edge to  DOQUAD. 
These d i v i s i o n s  are q u a d r a t i c a l l y  spaced wi th  a concentra- 
t i o n  a t  lead ing  edge. 
number of d i v i s i o n s  along chord from DOQUAD t o  t r a i l i n g  
edge. These d i v i s i o n s  are l i n e a r l y  spaced. 
t r a n s i t i o n  p o i n t  between quadra t i c  (NLE) and l i n e a r  (NTE) 
d i v i s i o n s  along chord. This is expressed as a f r a c t i o n  
of chord a s  measured from leading  edge. The va r i ab le  
DOQUAD may take any value from 0 t o  1. 
maximum al lowable e r r o r  i n  ca l cu la t ion  of r e t a rded  t i m e  
expressed as percentage of observer time s t e p  
s t a r t i n g  observer  time 
ending observer t i m e .  I f  t h i s  va r i ab le  i s  nonzero, t he  
t i m e  h i s t o r y  w i l l  be computed only dur ing  the  t i m e  from 
TZERO t o  TSTOP and n o t  for a complete blade passage. 
T h i s  a l lows very concentrated c a l c u l a t i o n  of a c o u s t i c  
pressure  dur ing  a small per iod of r ap id  va r i a t ion .  
Program logic  control . -  
Variable  Default  









Def in i t ion  
l o g i c a l  v a r i a b l e  t h a t  when .TRUE. enables  r o t a t i o n  of 
pressure  s igna tu res  t o  cen te r  peak p res su re  i n  p r i n t e d  
output  and i n  p l o t  d a t a  
l o g i c a l  v a r i a b l e  t h a t  when .TRUE. enables  execut ion of sub- 
rou t ine  TIPCAL ( see  inpu t  parameter PTIP)  and c a l c u l a t i o n  
of t i p  loading no i se  
l o g i c a l  va r i ab le  t h a t  when .TRUE. enables  output  of th i ck -  
ness  and loading pressure s igna tu res  and s p e c t r a  
l o g i c a l  v a r i a b l e  t h a t  when .TRUE. s i g n i f i e s  t h a t  observer  i s  
f ixed  with r e spec t  t o  h e l i c o p t e r  
l o g i c a l  v a r i a b l e  t h a t  when .TRUE. enables computed informa- 
t i o n  t o  be output  on d a t a  f i l e  WOPPLT.DAT. This  d a t a  
f i l e  i s  requi red  f o r  s epa ra t e  p l o t t i n g  program WOPPLT. 
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U s e  of N a m e l i s t  $ I N P U T  
The v a r i a b l e  TZERO i s  u s e f u l  t o  s ta r t  the computation of t h e  p re s su re  s i g n a t u r e  
a t  a s p e c i f i c  t i m e .  This can be used to  combine t i m e  h i s t o r i e s  from sepa ra t e  
sources ,  such as main r o t o r  and t a i l  r o t o r ,  t h a t  are c a l c u l a t e d  sepa ra t e ly .  TSTOP 
may be used i f  t he  complete blade passage is  n o t  of i n t e r e s t .  Using TZERO and TSTOP 
toge ther ,  a l l  NPTS c a l c u l a t i o n s  of t he  pressure  s i g n a t u r e  can be concent ra ted  i n  a 
small t i m e .  The o t h e r  program c o n t r o l  va r i ab le s  i n  t he  namel i s t  should n o t  r e q u i r e  
any explana t ion  beyond what has  been given above. The program WOPWOP expec ts  t he  
namel i s t  $INPUT on the  f i l e  WOPIN. Also requi red  a f t e r  t he  namel i s t  $INPUT are two 
i d e n t i f i c a t i o n  l i n e s  i n  card  image format. The f i rs t  l i n e  con ta ins  IDENT - a 
10-character case i d e n t i f i e r .  The second l i n e  con ta ins  TEXT - a 79-character case 
i d e n t i f i e r .  The namel i s t  $INPUT along w i t h  these  t w o  a d d i t i o n a l  l i n e s  may be re- 
peated i n  the  f i l e  f o r  a mult iple-case run. Output from the  program is  on a f i l e  
WOPOUT, and if l o g i c a l  va r i ab le  SAVE = .TRUE., p l o t t i n g  information is on a f i l e  
I WoPPLT ODAT* 
It is  impor tan t  to  choose values  f o r  t he  computational parameters NPTS, NSPEC, 
NSPAN, NLE, NTE, and DOQUAD t o  r e so lve  adequately the  a c o u s t i c  pressure  t i m e  h i s t o r y  
and a s su re  the  convergence of the  numerical  i n t eg ra t ion .  The value of NPTS should be 
chosen as the number of p o i n t s  t h a t  reso lve  the pressure  t i m e  h i s t o r y  and allow the  
d e s i r e d  number of harmonics t o  be c a l c u l a t e d  accura te ly .  Typica l ly ,  200 t o  400 
p o i n t s  per blade passage are requi red  f o r  impulsive noise .  Even i f  a small number is  
used for NPTS, the  value a t  each p o i n t  w i l l  be correct s i n c e  no numerical  t i m e  d i f -  
f e r e n t i a t i o n  is used i n  the  formulation. NSPEC must be chosen (or w i l l  be set)  b e l o w  
t h e  Nyquist frequency. I n  practice, it has been found t h a t  t he  amplitude of t he  har- 
monics c a l c u l a t e d  near  t he  Nyquist frequency may have cons iderable  a l i a s i n g ,  which 
can be removed by inc reas ing  the  values  of NPTS. 
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The v a r i a b l e s  NSPAN, NLE, NTE, and DOQUAD are used to  d e f i n e  the  r o t o r  blade 
computational su r f ace  used f o r  numerical  i n t eg ra t ion .  NLE and DOQUAD should be cho- 
sen  to  desc r ibe  accu ra t e ly  t h e  lead ing  edge of t h e  a i r f o i l s .  NLE is  the  number of 
q u a d r a t i c a l l y  spaced, chordwise d i v i s i o n s  i n  the  computational g r id .  DOQUAD is  t h e  
f r a c t i o n  of t he  chord, s t a r t i n g  from t h e  leading edge, t h a t  con ta ins  q u a d r a t i c  
chordwise spacing. NTE chordwise d i v i s i o n s  a re  l i n e a r l y  spaced from DOQUAD t o  t h e  
t r a i l i n g  edge. NSPAN is t h e  number of r a d i a l  o r  spanwise d i v i s i o n s  along the  blade 
rad ius .  These r a d i a l  d i v i s i o n s  are selected so t h a t  each r a d i a l  s t a t i o n  sweeps 
o u t  equal  areas. This  is  e s s e n t i a l l y  j u s t  a q u a d r a t i c  radial spac ing  wi th  concen- 
t r a t i o n  a t  t h e  blade t i p .  Experience has shown t h a t  n e a r l y  30 chordwise d i v i s i o n s  
(NLE + NTE) and 13 t o  15 spanwise d i v i s i o n s  may be necessary  f o r  t h e  i n t e g r a t i o n  t o  
converge completely f o r  a rec tangular  blade.  For tapered b lades  o r  swept t ips ,  more 
r a d i a l  d i v i s i o n s  may be needed f o r  complete convergence. I f  fewer d i v i s i o n s  are 
used, the  value of a c o u s t i c  p re s su re  w i l l  be i n  s l i g h t  error. The convergence torque 
has  been found t o  be an e s p e c i a l l y  good i n d i c a t o r  of convergence of the  so lu t ion .  
Fur ther ,  when the  torque converges,  a d d i t i o n a l  pane ls  w i l l  render  l i t t l e  change i n  
t h e  so lu t ion .  
The value of EPSLON determines the  requi red  accuracy of t he  retarded-time cal- 
cu la t ion .  For small NPTS, EPSLON should be l pe rcen t  o r  lower. For l a r g e  NPTS, the 
t i m e  s t e p  is  s m a l l  and r e l a t i v e l y  l a r g e  values of EPSLON can be used; however, t h e r e  
is  l i t t l e  to  be gained. The d e f a u l t  value of 0.5 pe rcen t  is recommended s i n c e  it can 
be used with confidence f o r  a l l  values  of NPTS, and only s m a l l  computation t i m e  
savings may r e s u l t  by changing EPSLON. 
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A s  mentioned i n  the  " In t roduct ion ,"  WOPWOP can be used t o  c a l c u l a t e  t h e  a c o u s t i c  
p re s su re  for a p r o p e l l e r  as w e l l  as f o r  a h e l i c o p t e r .  WOPWOP is  e s p e c i a l l y  s u i t e d  t o  
c a l c u l a t e  the a c o u s t i c  pressure  accu ra t e ly  f o r  a p r o p e l l e r  i n  a nonaxisymmetric flow. 
To do th i s ,  the p r o p e l l e r  blade need only be inpu t  as a h e l i c o p t e r  blade and t h e  
f l app ing  and lead-lag angles  be s e t  t o  0 i n  t h e  namel i s t  input .  Also, t h e  f e a t h e r i n g  
angle  w i l l  usua l ly  be cons t an t  f o r  a p rope l l e r .  WOPWOP w i l l  c a l c u l a t e  t he  n o i s e  
r a d i a t i o n  without flow f i e l d  approximation. 
WOPWOP COMMON BLOCKS 
Severa l  common blocks are used i n  the  program WOPWOP t h a t  may be u s e f u l  i n  w r i t -  
i n g  the  i n p u t  subrout ines  FUNE2, FUNEZQ, and FUNPSI. These common blocks conta in  
use fu l  cons tan ts  and program v a r i a b l e s  t ha t  may be needed i n  t h e  i n p u t  subrout ines .  
Care must be taken t o  avoid changing the  value of t he  common v a r i a b l e  i f  t h e  common 
block is used s i n c e  a change may produce i n c o r r e c t  a c o u s t i c  p re s su re  p red ic t ions .  
Also, one must avoid using the same name f o r  a v a r i a b l e  t h a t  is  passed through the  
argument l i s t  and through the common block even i f  the  name conta ins  the same value 
s i n c e  mult iple  d e f i n i t i o n s  of a v a r i a b l e  i n  a FORTRAN subrout ine  are n o t  allowed. 
A l l  angle  measures are i n  r ad ians  f o r  each of t h e  common blocks.  Other common b locks  
are used i n  WOPWOP bu t  they are n o t  p a r t i c u l a r l y  u s e f u l  i n  w r i t i n g  the  i n p u t  subrou- 
t i n e s .  A d e f i n i t i o n  of the common blocks found i n  WOPWOP and a l i s t i n g  of t h e  
v a r i a b l e s  contained i n  these  common blocks are given as fol lows:  
COMMON / P I /  DTR, P I ,  RTD, TWOPI 
Variable  Def in i t i on  
DTR degrees-to-radians conversion factor 
P I  n 
RTD radians-to-degrees conversion f a c t o r  
TWOP I 2n 
COMMON /ETC/ C,  RHO, ALPHAF, REV, PTIP, W(  31,  OBS 
Variable Def in i t i on  
CINV 1 /co 
OMEGA r o t o r  r o t a t i o n  rate, rad /sec  
See d e f i n i t i o n s  of o the r  va r i ab le s  i n  " Input  Data" 
terms of radian measure. 
s ec t ion .  Note t h a t  ALFHAF is i n  
COMMON /BYFUN/ AAE2, AAE2P, CH, CHP, CMBR, CMBRP, LED, LEDP, PCAD, PCADP, THK, THKP, 
TRAT, TRATP, CAT, CRATP 
See d e f i n i t i o n s  of these  va r i ab le s  i n  the  " Input  Subrout ines"  sec t ion .  
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COMMON /ANGLES/ PSI,  PSIP, CPSI, SPSI, C2PS1, S2PS1, 
Other v a r i a b l e s  are def ined  i n  the “ ~ n p ~ t  Da a” section. 
AO, A l ,  B1, A 2 ,  B2, BETA, BETAP, BETAPP, CBETA, SBETA, CONB, 
EEO, EEl, FF1, EE2, FF2, ZETA, ZETAP, ZETAPP, CZETA, SZETA, CONZ, 
AAO, AA1, BB1, AA2, BB2, THETA, THETAP, THETPP, CTHETA, STHETA, CONT 
De f i n  i ti on 
J, (azimuthal  a n g l e ) ,  rad 
dJ,/dt (same as OMEGA), rad/sec 
cos  ( J I  
s i n  ( J ,  1 
c o s  ( 2$ 1 
s i n  ( 2$ 1 
$ ( f l app ing  a n g l e ) ,  rad 
d$/dt ,  rad/sec 
d2$/dt2,  rad /sec2  
cos  ( 8  1 
s i n  ( B  
l o g i c a l  v a r i a b l e  when .TRUE. $ is cons t an t  
< ( lead- lag  a n g l e ) ,  rad  
d< /d t ,  rad/sec 
d2</d t2 ,  rad/sec2 
cos (<)  
sin(< 
l o g i c a l  v a r i a b l e  when .TRUE. 5 is cons tan t  
8 ( f e a t h e r i n g  a n g l e ) ,  r a d  
de /a t ,  rad /sec  
d2e /d t  2, rad/sec 
cos ( 8  1 
s i n ( 0  1 
l o g i c a l  v a r i a b l e  when .TRUE. 8 is cons t an t  
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DESCRIPTION OF PROGRAM OUTPUT 
The output  da t a  c o n s i s t  of a d a t a  s h e e t  l i s t i n g ,  p re s su re  s igna tu re ,  and spectra 
l i s t i n g s  f o r  each case i d e n t i f i e d  i n  the  d a t a  f i l e  WOPIN. (See appendix B.) The 
data s h e e t  is  used t o  i d e n t i f y  each case uniquely.  The two-character s t r i n g  i d e n t i -  
f iers are used a t  the  beginning of the  d a t a  shee t .  Only t h e  10-character  i d e n t i f i e r  
is used on la ter  sec t ions  of t he  output .  All t h e  i n p u t  v a r i a b l e s  r e l a t e d  t o  t h e  
ope ra t ing  condi t ions ,  blade geometry, blade motion, and computational information are 
c l e a r l y  ind ica ted  on the  h e l i c o p t e r  d a t a  s h e e t  under t h e  heading " Input  Parameters. I' 
Useful q u a n t i t i e s  ca l cu la t ed  dur ing  the  program execut ion such as t h r u s t ,  torque , 
power, and o v e r a l l  sound pressure  l e v e l  (OASPL) are ind ica t ed  on t h e  d a t a  s h e e t  under 
the  heading "Output Parameters." A l s o  l i s t e d  under the  output  parameters  are t h e  
fol lowing var iab les :  
DT time increment f o r  observer  t i m e  
PERIOD t i m e  f o r  one blade passage 
BPF blade passage frequency 
RMNO r o t a t i o n a l  t i p  Mach number 
VMNO forward Mach number 
HMNO hel ical- t ip  Mach number 
The computation t i m e  is included f o r  each case on the  d a t a  sheet .  
Following the  d a t a  s h e e t  is a l i s t i n g  of t he  a c o u s t i c  p re s su re  s igna tu re .  I f  
t h e  l o g i c a l  va r i ab le  FULL = .TRUE. , t he  near-f i e l d  and far-f  i e l d  components of thick-  
ness  and loading noise  are l i s t e d .  I f  FULL = .FALSE., only the  o v e r a l l  p re s su re  i s  
p r i n t e d  ( f i v e  values  per  l i n e ) .  I f  the  l o g i c a l  va r i ab le  CENTER = .TRUE., t he  o r i g i -  
n a l  end p o i n t  of the  pressure  s i g n a t u r e  is  l i s t e d  as END POINT and t h e  p re s su re  
s i g n a t u r e  i s  ro t a t ed  t o  c e n t e r  t h e  maximum pressure.  
The t h i r d  s e c t i o n  of t he  p r i n t e d  output  conta ins  the  a c o u s t i c  p re s su re  spectra 
f o r  as many harmonics as were spec i f i ed .  This  s ec t ion  con ta ins  th ickness  and loading 
no i se  s p e c t r a  only i f  t he  l o g i c a l  v a r i a b l e  FULL = .TRUE. The a c o u s t i c  spectra are 
n o t  p r i n t e d  for  the  nea r - f i e ld  and f a r - f i e l d  components s epa ra t e ly ,  a l though t h i s  
information i s  ca l cu la t ed  and r e t a i n e d  f o r  p l o t t i n g  i f  t he  l o g i c a l  v a r i a b l e  
SAVE = .TRUE. 
Examples of t he  program ou tpu t  are given i n  appendix B. If t h e  l o g i c a l  v a r i a b l e  
SAVE = .TRUE., the  same output  is  saved i n  a condensed form i n  the  d a t a  f i l e  
WOPPLT.DAT f o r  use i n  a p l o t t i n g  program. The format of t h e  d a t a  i n  the  f i l e  
WOPPLT.DAT is  given i n  appendix C. 
PREDICTION EVALUATION 
TO va l ida t e  the p red ic t ion  t h a t  can be obtained from the  program WOPWOP, t w o  
comparisons between experimental  da t a  have been included t h a t  i l l u s t r a t e  the  t y p i c a l  
p red ic t ion  t h a t  one can expect. Data from a 1/4-scale model t e s t e d  i n  t h e  Langley 
4- by 7-Meter Tunnel are compared with the  p r e d i c t i o n s  made f o r  t h e  f i r s t  and second 
example cases. The d e t a i l s  of t h e  experimental  tes t  may be found i n  r e fe rences  11  
and 12.  Figure 5 shows a t y p i c a l  example i n  which th i ckness  n o i s e  is known t o  
20 
dominate. In t h i s  case from reference  11 ,  the h e l i c o p t e r  has a forward speed of 
100 knots  with the observer loca ted  i n  the  t i p  pa th  plane a t  the  loca t ion  of micro- 
phone 4. In t h i s  case the  rotor blade has an NACA 0012 a i r f o i l  s ec t ion  and a high 
advancing t i p  Mach number. Nonlinear effects c e r t a i n l y  are important  b u t  a r e  n o t  
included i n  t h i s  pred ic t ion .  
A second comparison is shown i n  f i g u r e  6 .  In t h i s  case from reference  12,  t he  
forward speed i s  60 knots  and the  observer locat ion is  below the  r o t o r  i n  the  near- 
f i e l d  a t  the  loca t ion  of microphone 2. A t  t h i s  observer  l oca t ion ,  loading noise  is  
known to  dominate. In t h i s  comparison, t he  agreement is  n o t  nea r ly  as good; however, 
t h e  aerodynamic loading model used is r a t h e r  crude. The a c t u a l  sur face  pressures 
were only approximated, based on the  incompressible a i r f o i l  theory.  The d e t a i l s  of 
t h e  aerodynamic m o d e l  used €or the  pred ic t ion  can be found i n  appendix B. Also i n  
t h i s  case, blade-vortex i n t e r a c t i o n  ( B V I )  i s  ignored i n  the  aerodynamic model and, 
t he re fo re ,  is n o t  included i n  t h i s  predict ion.  This case i s  presented t o  show the  
importance of aerodynamic loading inpu t  i n  t h e  loading no i se  p red ic t ion .  With 
improved aerodynamic loading, t he  p red ic t ion  is expected to  be correspondingly 
improved . 
CONCLUDING REMARKS 
The computer program WOPWOP discussed  i n  t h i s  r e p o r t  is based on one of many 
t h e o r e t i c a l  formulat ions a v a i l a b l e  f o r  t he  pred ic t ion  of r o t a t i n g  blade noise .  
Farassat's formulation 1 A  was chosen because it i s  well -sui ted t o  h e l i c o p t e r  r o t o r  
blades s i n c e  realist ic h e l i c o p t e r  blade motions and a r b i t r a r y  observer  p o s i t i o n s  may 
be used. This formulation is  a refinement of a previous subsonic formulat ion of 
Farassat, and f o r  t h i s  reason the  formulation should work w e l l  f o r  research  problems, 
such a s  blade-vortex i n t e r a c t i o n ,  s ince  the  numerical t i m e  d i f f e r e n t i a t i o n  previous ly  
l ed  t o  numerical  d i f € i c u l t i e s .  Also,  t he  formulation clearly i d e n t i f i e s  t he  source 
components of the  acoustic r ad ia t ion ,  which should he lp  i n  the  design of f u t u r e  
ro to r s .  
The program WOPWOP has incorpora ted  the  advances of formulat ion 1 A  i n t o  a versa- 
t i l e  tool. Complicated blade designs and motions f o r  advanced rotors can be speci- 
f i e d  quick ly  and e a s i l y .  The r o t o r  blade geometry used by the  program can be changed 
by the  r ewr i t i ng  of only t w o  i n p u t  subroutines.  A wide v a r i e t y  of approximations t o  
t h e  rotor aerodynamics and dynamics can be used by modifying the  inpu t  subrout ines  as 
w e l l .  Even three-dimensional,  unsteady blade loadings can be used i f  they are 
ava i l ab le .  
Comparisons of the  program p red ic t ions  with exper.imenta1 d a t a  have been very en- 
couraging; however, accu ra t e  r o t o r  blade loading is  needed f o r  p red ic t ions  i n  which 
the  loading noise  dominates the  acoustic s igna ture .  Rotor blade loading w i l l  c l e a r l y  
be a key i t e m  f o r  t he  accu ra t e  p red ic t ion  of blade-vortex i n t e r a c t i o n .  For very high 
speed flow on the  r o t o r ,  formulat ion 1 A  w i l l  need t o  be modified to  account f o r  t he  
nonl inear  terms neglec ted  i n  Farassat's der iva t ion .  One of F a r a s s a t ' s  supersonic  
formulat ions could be used if supersonic  he l i cop te r  rotors become p reva len t  i n  the  
fu ture .  It  is  hoped the  WOPWOP w i l l  be b e n f i c i a l  to  use r s  as a t o o l  i n  rotor design 
and a c o u s t i c  research.  
NASA Langley Research Center 
Hampton, VA 23665-5225 
June 6, 1986 
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ER = E2/R 
\ 
CHORD LINE 
t = THK *TRAT * CH y = CMBR * CRAT * CH - -Q = x/CH 
MAX, THICKNESS MAX. CAMBER 
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EXAMPLE OF EXECUTION PROCEDURE 
T h i s  appendix presents an  example procedure f o r  t h e  execut ion of t h e  program 
WOPwOP. T h i s  p rocedure  w i l l  be p r e s e n t e d  i n  a general o u t l i n e  form and t h e n  as a 
s p e c i f i c  p rocedure  for  a VAX computer o p e r a t i n g  under  VMS. The program i s  w r i t t e n  i n  
FORTRAN 77 and is q u i t e  transportable. The program h a s  been run on a VAX-780 and  
C o n t r o l  D a t a  CYBER 170 series computer a t  t h e  Langley Resea rch  Cen te r .  The o n l y  
machine-dependent code i n  WOPWOP is a sys t em c a l l  t o  determine t h e  t i m e  and data of 
execution. WOPWOP is norma l ly  run on a VAX-780 a t  t h e  Langley Resea rch  Cen te r .  The 
o u t l i n e  of execution is as follows: I 
I Write i n p u t  subrout ines  FUNE2, FUNE2Q, and FUNPSI. 
I1 Compile i n p u t  subrout ines  FUNE2, FUNE2Q, and FUNPSI w i t h  a FORTRAN 77 
compa t ib l e  compiler . 
I11 Link WOPWOP, i n p u t  sub rou t ines ,  and any needed l i b r a r i e s .  
I 
I I V  Write a d a t a  f i l e  WOPIN f o r  namel i s t  i n p u t  d a t a .  
V Execute WOPWOP: 
( 1  1 Outpu t  w i l l  be i n  t h e  d a t a  f i l e  WOPOUT. 
( 2 )  P l o t  i n f o r m a t i o n  f o r  WOPPLT w i l l  be i n  t h e  f i l e  WOPPLT. 
* OPTIONAL * I 
I 
V I  P l o t  data u s i n g  WOPPLT or comparable program. 
I 
, T h i s  procedure would be w r i t t e n  as follows f o r  a VMS operating system: 
$ FOR FUNE2.FOR 
$ FOR FUNE2Q.FOR 
$ FOR FUNPSI.FOR 
$ L I N K  WOPWOP, FUNE2, FUNE2 Q, FUNPS I 
$ RUN WOPWOP 
Batch job 
I n t e r a c t i v e  $ RUN WOPPLT 
I t  is  assumed t h a t  t h e  f i l e s  FUNE2.FOR, FUNE2Q.FORI FUNPSIOFOR, WOPIN.DAT, 
WOPWOP.OBJ, and WOPPLT.EXE are a l r e a d y  i n  t h e  d e f a u l t  d i r e c t o r y .  The needed FORTRAN 
source code can be o b t a i n e d  i n  acco rdance  w i t h  t h e  policies of t h e  Langley Resea rch  
Center  by c o n t a c t i n g  t h e  a u t h o r .  
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APPENDIX B 
FOUR EXAMPLE CASES W I T H  PRINTED OUTPUT FROM WOPWOP 
In t h i s  appendix four  example cases a r e  presented  f o r  reference.  These cases 
i l l u s t r a t e  the f l e x i b i l i t y  of t h e  i n p u t  subrout ines  and demonstrate how both t a b u l a r  
loading  d a t a  and loading data i n  a func t iona l  form may be used as i n p u t  f o r  t h e  pro- 
gram WOPWOP. These example cases a l l  show some very realist ic p r e d i c t i o n s  t h a t  may 
be used to  v e r i f y  the  code i n s t a l l a t i o n  a t  o ther  sites. 
The example cases are r e p r e s e n t a t i v e  of a c t u a l  p r e d i c t i o n s  made f o r  a 1/4-scale 
UH-1 b a s e l i n e  main ro to r .  This  r o t o r  i s  a rec tangular  blade with l i n e a r  t w i s t  d i s -  
t r i b u t i o n  and NACA 0012 a i r f o i l  s e c t i o n s  throughout. The p i t c h  change a x i s  is  a long  
t h e  quarter-chord. In  subrout ines  FUNE2 and FUNE2Q, t h e  geometry of the  UH-1 r o t o r  
blade is descr ibed.  The f i r s t  t w o  cases uses a loading d i s t r i b u t i o n  by a separate 
computer code C81 ( t h e  AGAJ77 vers ion) .  (See r e f s .  13, 14, and 15.) The t h i r d  case 
uses  a mathematical model f o r  t he  loading t h a t  is  appropr i a t e  f o r  hover. The f o u r t h  
case uses  the  same ope ra t ing  cond i t ions  and loading  as the  second case, bu t  it has a 
s t a t i o n a r y  observer  w e l l  below t he  rotor. The graph ica l  ou tput  f o r  t h e  four  example 
cases is presented  i n  appendix D. 
In  t h e  f i r s t  t w o  example cases t h e  r e s u l t s  from the  quasi-s teady aerodynamic 
a n a l y s i s  of code C81 are summarized as a t ab le  of s e c t i o n  l i f t  c o e f f i c i e n t s  
( C L ) ,  s ec t ion  drag  c o e f f i c i e n t s  cd (CD), and s e c t i o n  Mach number M (MACH) as a 
func t ion  of r a d i a l  and azimuthal  l oca t ion .  The d a t a  used f o r  these  examples are 
l i s t e d  a f t e r  t h e  i n p u t  subrout ines  f o r  completeness. The c I ,  
are i n t e r p o l a t e d  t o  f i n d  t h e i r  values  a t  the d e s i r e d  loca t ion .  e p res su re  distri-  
but ion  f o r  each a i r f o i l  s e c t i o n  is  modeled based upon the  l i f t  c o e f f i c i e n t  of each 
sec t ion .  This is  done us ing  the  engineer ing  a p p l i c a t i o n  of t h i n  wing s e c t i o n s  
descr ibed  by Abbott and Von Doenhoff (ref.  16). A very simple compress ib i l i t y  cor- 
r e c t i o n  is then used. This method assumes t h a t  the v e l o c i t y  d i s t r i b u t i o n  can be 
descr ibed  as t h r e e  independent components due t o  th ickness ,  camber, and angle  of 
a t t ack .  The to t a l  v e l o c i t y  d i s t r i b u t i o n  i s  r e l a t e d  simply t o  the  p re s su re  d i s t r i b u -  
t ion .  The incompressible  v e l o c i t y  d i s t r i b u t i o n s  are l i s t e d  f o r  a v a r i e t y  of th ick-  
nes s  d i s t r i b u t i o n s  and mean l i n e s  i n  re ference  16. The pressure  model g ives  realis- 
t i c  r e s u l t s  even though it w a s  chosen f o r  its s i m p l i c i t y .  The viscous shear  stress 
is modeled by assuming a uniform d i s t r i b u t i o n  over  t h e  e n t i r e  blade sec t ion .  The 
s e c t i o n  drag  is known s i n c e  t h e  drag  c o e f f i c i e n t  i s  given. 
c, 
2' and " 
The subrou t ines  I U N I  and I B I  are Lagrangian i n t e r p o l a t i o n  subrout ines  f o r  one- 
and two-dimensional da t a ,  r e spec t ive ly .  Second-order i n t e r p o l a t i o n  is used. The 
subrout ine  CURVI and func t ions  CURV2 and CURVD are i n t e r p o l a t i o n  func t ions  us ing  
s p l i n e s  under tension.  In subrout ine  FUNEZ, t h e  t a b u l a r  d a t a  are read from a d a t a  
f i l e  and i n t e r p o l a t i o n  i s  done i n  FUNE2 and FUNE2Q as appropr i a t e  f o r  economy i n  
func t ion  eva lua t ion .  The a c t u a l  eva lua t ion  of p re s su re  and of t h e  t i m e  d e r i v a t i v e  
of p re s su re  are completed i n  tho subrout ine  FUNPSI. A d e s c r i p t i o n  of the examples 
follows wi th  a l i s t i n g  of i n p u t  subrout ines ,  i n p u t  da t a ,  and w r i t t e n  output.  
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EXAMPLE 1 
The f i rs t  example i s  f o r  a 1/4-scale UH-1 main r o t o r  with a forward speed of 
100 knots.  The observer loca t ion  is  i n  the  t i p  pa th  plane of the  ro to r .  The p r e c i s e  
f l i g h t  condi t ions and computational information are seen i n  the  i n p u t  d a t a  f i l e  WOPIN 
and on the output da t a  sheet .  This is  a case  i n  which th ickness  no i se  i s  impulsive 
























SUBROUTINE FUNE2 (E2,R,AAE2,AAE2P,CH,CHP,LED,LEDP,PCAD,PCADP, 
$ TRAT , TRATP ,CUT, CRATP) 
THIS SUBROUTINE IS AN INPUT TO THE HELICOPTER PROGRAM WOPWOP. 
THE VARIABLES IT RETURNS ARE FUNCTIONS OF THE SPANWISE LOCATION 
(E2) OR THE NORMALIZED SPANWISE LOCATION (ER=E2/R) ONLY. THESE 
VARIABLES ARE : 
E2 
ER 












S PANWI SE LOCAT ION 
NORMALIZED SPANWISE LOCATION : RE. R 
ANGLE OF ATTACK, RADIANS 
DERIVATIVE OF AAE2 WRT E2 
DERIVATIVE OF CH WRT E2 
LEADING EDGE DISPLACEMENT, M. (REAL VARIABLE) 
DERIVATIVE OF LED WRT E2 (REAL VARIABLE) 
PITCH CHANGE AXIS DISPLACEMENT (IN THE THICKNESS DIRECTION) 
DERIVATIVE OF PCAD WRT E2 
THICKNESS RATIO. 
DERIVATIVE OF TRAT WRT E2 
CAMBER RATIO. 
DERIVATIVE OF CRAT WRT E2 
LOCAL CHORD, Me 
NOTE: THE VALUE OF LED IS TYPICALLY NEGATIVE. 
C - START OF FUNE2. 
C 
PARAMETER( NPSI=13, NER=18, NPSI2=19 ) 
COMMON /PI/ DTR, PI , RTD, TWOPI 
COMMON /FUN/ PSIA(NPSI), ERA(NER), CLPSI(NPSI), CDM(NPSI,2), 
$ PSIA2(NPSI2), CPUPSI(NPSI2), CPLPSI(NPSI2) ,CPUPP(NPSI2), 
$ CPLO(NPSI2) 
DIMENSION CD(NPSI,NER), CL(NPSI,NER), MACH(NPSI,NER) 
DIMENSION IORDER(~) ,IPT(~) 
INTEGER STA, PSI1, PSI2 
REAL MACH,MPSI,MACHINT 
REAL LED, LEDP 
LOGICAL FIRST 
DATA FIRST/ . TRUE. / , IORDER/ 2,2 / , IPT/ - 1,O / 
C 
C - UH-1 BASELINE ROTOR 
C 
C 




AAE2 = AAE2P*E2 
C 
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C 





PCADP= O e 
C 










C - END OF FUNE2 GEOMETRY DEFINITIONS 
C 
C - READ IN DATA FROM C81 DATA FILE ON FIRST TIME 
C 
C 
C READ DATE FOR EXAMPLE CASE 1 
c 
IF( FIRST ) THEN 
OPEN (FILE='C81 CASEl.DAT',STATUS='OLD',UNIT=IN, SHARED) 
DO 10 IPSIl =l,-NPSI-l, 2 
IPS12 = IPS11 + 1 
C 
C - READ AZIMUTH ANGLE 
C 
READ( IN, 1000) SPACE 
READ( IN, 1005) PSI1, PSI2 
PSIA( IPSIl ) = PSIl*DTR 
PSIA( IPS12 ) = PSI2*DTR 
READ( IN, iooo) SPACE 
C 
C - READ BLADE ELEMENT DATA 
C 
Do 20 I = 1,NER 
READ(IN, ioio) STA, ERA(STA), 
$ MACH(IPSIl,STA), CL(IPSIl,STA), CD(IPSIl,STA), 




C - VALUE AT TWOPI = VALUE AT ZERO 
C 
DO 30 I = 1,NER 
MACH( 13, I) = MACH( 1, I) 
CL( 13, I) = CL( 1, I) 
CD( 13, I) = CD( 1, I) 
30 CONTINUE 
PSIA( 13) = TWOPI 
34 
C 






C - INTERPOLATE TO GET THE CL, CD, AND MACH ARRAYS AS A FUNCTION OF PSI. 
HOLDING ER FIXED 
DO 40 I=l,NPSI 
FPSI = PSIA(1) 
CALL IBI(NPSI,PSIA,NER,ERA,NPSI,CL,IORDER,IPT, FPSI, ER, 
$ CLINT,IERR ) 
IF( IERR.NE.0 .AND. IERR.NE.-3 ) THEN 
PRINT*,' AN ERROR OCCURRED IN INTERPOLATING CL IN IBI' 
PRINT*,' IERR = ',IERR 
ENDIF 
IF( IERR.EQ.-3 ) PRINT*,' EXTRAPOLATION PERFORMED ON CL' 
CLPSI(I) = CLINT 
CALL IBI(NPSI,PSIA,NER,ER,NPSI,CD,IORDER,IPT, FPSI, ER, 
IF( 1ERR.NE.O .AND. IERR.NE.-3 ) THEN 
$ CDINT,IERR ) 
PRINT*,' AN ERROR OCCURRED IN INTERPOLATING CD IN IBI' 
PRINT*,' IERR = ',IERR 
ENDIF 
IF( IERR.EQ.-3 ) PRINT*,' EXTRAPOLATION PERFORMED ON CD' 
CDM(I,~) = CDINT 
CALL IBI(NPSI,PSIA,NER,ER,NPSI,MACH,IORDER,IPT, FPSI, ER, 
IF( 1ERR.NE.O .AND. IERR.NE.-3 ) THEN 
$ MACHINT,IERR ) 
PRINT*,' AN ERROR OCCURRED IN INTERPOLATING MACH IN IBI' 
PRINT*,' IERR = ',IERR 
ENDIF 
IF( IERR.EQ.-3 ) PRINT*,' EXTRAPOLATION PERFORMED ON MACH' 
CDM(1,Z) = MACHINT 
40 CONTINUE 
C 
C - END OF FUNE2 
C 
1000 FORMAT (Al) 
1005 FORMAT (20X,I3,40X,I3) 





I $ ( E2, R, Q, CMBR, CMBRP, THK, THKP ) 
C 
C THIS SUBROUTINE IS AN INPUT TO THE HELICOPTER PROGRAM WOPWOP. 
C THE VARIABLES IT RETURNS ARE FUNCTIONS OF ONLY THE SPANWISE 
C LOCATION ( E 2 )  OR THE NORMALIZED SPANWISE LOCATION (ER = E2/R) 
C AND THE NORMALIZED CHORDWISE LOCATION (Q). THESE VARIABLES ARE: 
C 
C E2 SPANWISE LOCATION 
C ER NORMALIZED SPANWISE LOCATION: RE. - R 
C Q NORMALIZED CHORDWISE LOCATION: RE. - CH 
C CMBR NORMALIZED CAMBER AS MEASURED FROM THE MEAN CHORD LINE 
C CMBRP DERIVATIVE OF CMBR WRT Q 
C THK NORMALIZED THICKNESS AS MEASURED FROM THE CAMBER LINE 
C THKP DERIVATIVE OF THK WRT Q 
C 
C - START OF FUNE2Q. 
C 
PARAMETER( NPSI=13, NER=18, NXOC=19, NPSI2=19 ) 
COMMON /PI/ DTR, PI , RTD, TWOPI 
COMMON /FUN/ PSIA(NPSI), ERA(NER), CLPSI(NPSI), CDM(NPSI,2), 
$ PSIA2(NPSI2), CPUPSI(NPSI2), CPLPSI(NPSI2) ,CPUPP(NPSI2), 
$ CPLO(NPSI2) 
$ DVA12P(NXOC) 
DIMENS ION XOC( NXOC) ,V12 (NXOC) , V12P (NXOC) , DVAl2 (NXOC) ,TEMP( NPSI2) , 
C 









SURFACE PRESSURE DISTRIBUTION BY THE METHOD OF VELOCITY ADDITION. 
SEE ABBOTT AND VON WENHOFF. 












THK= ( 2969*SQRT(Q)+Q*( -. 126+Q*( -.3516+Q*( 2843 -. 1015*Q))))/ 2 
IF( Q.GT.0 ) THEN 
ENDIF 
THKP=( 1485/SQRT(Q)+(-. 126+Q*(-. 7032+Q*( 8529 -. 4060"Q) ) ) )  / 2 
C 
C - ESTIMATE THE PRESSURE AS A FUNCTION OF PSI 
C 




IF( 1ERR.NE.O .AND. IERR.NE.4) THEN 
PRINT*, ' INTERPOLATION ERROR IN IUNI FOR V12 ' 
PRINT*,' IERR = ',IERR 
ENDIF 
IF( IERR.EQ.-4 ) PRINT*,' EXTRAPOLATION FOR V12' 
C 
C - VELOCITY DUE TO ANGLE OF ATTACK 
CALL IUNI(NXOC,NXOC,XOC,NTAB,DVA12,IORDER,Q,V2,IPT,IERR) 
PRINT*,' INTERPOLATION ERROR IN IUNI FOR DVA12' 
PRINT*,' IERR = ',IERR 
IF( 1ERR.NE.O .AND. IERR-NEm-4) THEN 
ENDIF 
IF( IERR.EQ.-4 ) PRINT*,' EXTRAPOLATION FOR DVA12' 
CALCULATION OF PRESSURE COEFFICIENT 
THE PERIODICITY OF PRESSURE IS USED TO INSURE SMOOTH DERIVATIVES NEAR 
THE PSI-0 AND PSI =TWOPI. 
DO 10 I=l,NPSI+6 
IF( I.LE.3 )THEN 
K= 9+1 
PSIA2(I) = PSIA(K)- TWOPI 
K= 1-15 
PSIA2(I) = PSIA(K) + TWOPI 
K= 1-3 
PSIA2(I) = PSIA(K) 
ELSEIF( I.GT.16 ) THEN 
ELSE 
ENDIF 
CPUPSI(1) = 1. - ( V1 + V2*CLPSI(K) ) **2 
CPLPSI(1) 1. - ( V1 - V2*CLPSI(K) ) **2 
10 CONTINUE 
C 
C - THESE CALLS ARE FOR INTERPOLATION PURPOSES - THIS IS ONLY NEEDED ONCE FOR 
C 
C 
EACH ER AND Q VALUE. 
CALL CURVl(NPSI2,PSIA2,CPUPSI,SLPl,SLPN,ISLPSW,CPUPP,TEMP, 
IF( 1ERR.NE.O ) PRINT*,' ERROR IN CURVl FOR CPUPSI; IERR=',IERR 
CALL CURVl(NPSI2,PSIA2,CPLPSI,SLPl,SLPN,ISLSW,CPLO,TEMP, 
IF( IERR.NE.0 ) PRINT",' ERROR IN CURVl FOR CPLPSI; IERR=',IERR 
$ SIGMA,IERR) 
$ SIGMA,IERR) 





SUBROUTINE FUNPSI (E2,RR, Q, P S I ,  SURFP, DP, SPU, SPL, SIGMAU, 
$ SIGMAL, DPCP, SPUP, SPLP, SIGUP, SIGLP ) 
C 




























FUNCTION OF SPANWISE POSITION ( E 2 ) ,  CHORDWISE POSITION ( Q ) ,  AND AZIMUTHAL 
POSITION ( P S I ) .  I T  RETURNS THE TIME DERIVATIVE OF PRESSURE ON THE UPPER AND 
LOWER SURFACES. A MEAN PRESSURE AND MEAN PRESSURE DERIVATIVE ARE ALSO 
CALCULATED. I F  SURFP = .FALSE. THE MEAN SURFACE IS  USED. 
SURFACE STRESSES AND THEIR DERIVATIVES MAY ALSO BE INPUT FOR THE UPPER AND 




Q -  













NORMALIZED SPANWISE LOCATION - RE. - R 
NORMALIZED CHORDWISE LOCATION - RE.- CH 
AZIMUTHAL ANGLE (RADIANS) 
FLAG FOR MEAN SURFACE CALCULATION ( .TRUE. - FULL SURFACE) 
( .FALSE.- MEAN SURFACE) 
UPPER SURFACE PRESSURE 
LOWER SURFACE PRESSURE 
SPL - SPU 
TIME DERIVATIVE OF SPU 
TIME DERIVATIVE OF SPL 
SPLP - SPUP 
UPPER SURFACE STRESS TERM 
LOWER SURFACE STRESS TERM 
TIME DERIVATIVE OF SIGMAU 
TIME DERIVATIVE OF SIGMAL 
C - START OF COMMON BLOCK. 
C 
PARAMETER( NPSI-13, NER=18, NPSI2=19 ) 
COMMON / P I /  DTR, P I ,  RTD, 'IWOPI 
COMMON /ETC/ C, RHO, ALPHAF, REV, PTIP,  V H ( 3 ) ,  OBS(3),  RINNER, 
$ R, DOQUAD, C I N V ,  OMEGA 
COMMON /BYFUN/ AAE2, AAE2P, CH, CHP, CMBR, CMBRP, LED, LEDP, 
$ PCAD, PCADP, THK, THW, TRAT, TRATP, CRAT, CRATP 
COMMON /FUN/ PSIA(NPSI) ,  ERA(NER), CLPSI(NPSI) ,  CDM(NPSI,2), 
$ PSIA2(NPSI2) ,  CPUPSI(NPSI2),  CPLPSI(NPSI2) ,CPUPP(NPSI2),  
$ CPLO(NPSI2) 
C 
C - END OF COMMON BLOCK. 
C 
DIMENSION CDMI( 2 )  
DATA IORDER/2/,NTAB/2/,1PT/-l/,SIGMA/5./ 
C 







C - INTERPOLATE TO ESTIMATE SURFACE PRESSURE AND TIME DERIVATIVE 
C 
CPU = CURV2(PSI,NPSI2,PSIA2,CPLJPSI,CPUPP,SIGMA) 
CPL = CURV2(PSI,NPSI2,PSIA2,CPLPSI,CPLO,SIGMA) 
CPUP CURVD(PSI,NPSI2,PSIA2,CPUPSI,CPUPP,SIGMA)*OMEGA 
CPLP = CURVD(PSI,NPSI2,PSIA2,CPLPSI,CPLO,SIGMA)*OMEGA 
C 
C -. INTERPOLATE TO ESTIMATE MACH NO. AND DRAG COEFFICIENT 
C 
CALL IUNI(NPSI,NPSI,PSIA,NTAB,CDM,IORDER,PSI,CDMI,I~T,IERR) 
IF( IERR.NE.0 .AND. IERR.NE.-h ) THEN 
PRINT*, ' ERROR IN IUNI FOR MPSI ' 
PRINT*,' IERR =',IERR 
ENDIF 
IF( IERR.EQ.4 ) PRINT*,' EXTRAPOLATION ON MPSI' 
CD = CDMI( 1 )  
MACH=CDMI ( 2 ) 
C 
C - CALCULATE DYNAMIC PRESSURE 
C 
C 
C - SPL LOWER SURFACE PRESSURE - PO (GAUGE PRESSURE) 
C 
QDYN = .5*RHO*(C*MACH)**2 
c - SPU = UPPER SURFACE PRESSURE - PO (GAUGE PRESSURE) 
SPU = CPU*QDYN 
SPL = CPL*QDYN 
DP = SPL - SPU 
C 




DPCP= SPLP - SPUP 
C 
C - SURFACE STRESS ( APPROXIMATE USING DRAG COEFFICIENT ) 
C 
SIGMAU = .5*QDYN*CD 
SIGMAL = SIGMAU 
SIGUP = 0. 
SIGLP = 0. 
C 





































































































































































































































































































































































>>> PSI  = 120 <<< 
ER MACH CL CD 
0.960 0.802 -0.0183 0.01051 





















































































































































































































































































































































































































































































































































































































VH= 51.5, O., O., 
OBS= 3.213, -2.16, -0.3032 $ 
Example 1 
1/4 Scale UH-1 ro to r ;  High speed impulsive noise; Loading from C81 (AGAJ77) 
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Example  1 
1 / 4  S c a l e  UH-1 rotor; High s p e e d  i m p u l s i v e  n o i s e ;  L o a d i n g  f r o m  C 8 1  (AGAJ77) 
- OPERATING CONDITIONS - COMPUTATION INFORMATION 
C......... 340 .00  M/SEC NPTS.............200 
RHO ....... 1.2340 KG/M**3 NSPEC.. .......... 50 
REV.. ..... 1296.00  RPM NLE.............. 1 6  
TZER0.....0.0000000 SEC DOQUAD........... 0 .2500 
VH...( 51.5,  0.0, 0.0 ) M/SEC EPSLON........... 0.5000 % 
ALPHAF. . -8.85 DEG NSPAN............ 13 
PTIP...... 0.00 PA NTE.............. 1 2  
OBS..( 3 .21 ,  -2 .16,  -0.30 ) M ( I N  MOTION ) 
- BLADE GEOMETRY 
RINNER... 0.155 M 
R........ 1 .829 M 
E........ 0.000 M 
NBLADE... 2 
COEFFICIENTS ( DEG ) 
AO... 2.75 AAO... 13.82 EEO... 0.00 
Al . . .  1.50 AAl... -2.20 EEL... 0.00 
Bl . . .  -1.18 BBl. . .  1 .47 FFl . . .  0.00 
A2... 0.00 AA2... 0.00 EE2... 0.00 
B2... 0.00 BB2... 0.00 FF2... 0.00 
-FLAPPING -FEATHERING -LAGGING 
- FORCES PER BLADE - TIME QUANTITIES 
(TIME AVERAGED) 
THRUST....... 1385.302 N 
TORQUE. rn . 71.686 N-M 
POWER. 9.729 KW 
POWER. e e 13.042 HP 
DT........ 0 .116  MSEC 
PERIOD.... 23.148 MSEC 
BPF....... 43.200 HZ 
- OASPL ( dB re 2 0  MICROPA ) - VELOCITIES 
THICKNESS.. .... 121.91 dB 
LOADING........ 100 .73  dB 
OVERALL.. ...... 121.74 dB 
EMNO.. ... 0.730 
VMNO.. ... 0.151 
HMNO.. ... 0.880 
EXECUTION TIME FOR NOISE CALCULATION - 1655.72  CPU SECONDS 
44 
PRESSURE SIGNATURES OF NOISE COMPONENTS 

















































-- THICKNESS NOISE -- 









































































































































-- LOADING NOISE -- -- OVERALL -- 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































PRESSURE SPECTRA OF NOISE COMPONENTS .................................... 
2 9- JAN-8 6 07: 51 : 56 
Example 1 




















































































OVERALL ------ ----e- 
LEVEL PHASE 



































































































































































































-129.5 77.8 -129.7 
-118.1 74.6 -118.9 
68.2 73.0 67.0 
-104.8 71.3 -106.7 
82.7 69.5 80.2 
-88.8 67.6 -92.1 
100.8 65.6 96.7 
-67.5 63.4 -72.7 
127.1 60.9 120.7 













The second example uses  t h e  same i n p u t  subrout ines  as example 1 .  This case is  
d i f f e r e n t  i n  t h a t  t h e  forward speed is 60 knots and the  observer  l o c a t i o n  is loca ted  
below t h e  rotor j u s t  o u t s i d e  t h e  r i g h t  s i d e  of t h e  h e l i c o p t e r  i n  t h e  t i p  pa th  p lane  
(TPP) .  This case i s  used t o  i l l u s t r a t e  a near-f ie ld  observer  t h a t  is  dominated by 








































the  same as i n  example 1 . )  
Input from C81 Analysis 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































R= 1.829, RINNER= 0.1554, 
AO=2.75, 




AA0=13.529, AA1=-1.607, BB1=1.440, 
ALPHAF=-8.0, 
REV= 1296., 
VH= 30.9, O.,  O., 




DOTIP= FALSE , 
1/4 Scale UH-1 ro to r ;  Near-field, ou t  of TPP ; Loading from C81 (AGAJ77) 
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Example  2 
1 / 4  S c a l e  UH-1 r o t o r ;  Near-field, out of TPP ; L o a d i n g  f r o m  C 8 1  (AGAJ77) 
- OPERATING CONDITIONS - COMPUTATION INFORMATION 
C ......... 340.00 M/SEC NPTS............. 80 
RHO....... 1 .2340 KG/M**3 NSPEC............ 20 
ALPHAF.... -8.00 DEG NSPAN............ 13 
REV.......1296.00 RPM WE.............. 16 
PTIP...... 0.00 PA NTE.............. 1 2  
TZER0.... .0.0000000 SEC DOQUAD........... 0 .2500 
VH...( 30.9, 0.0, 0.0 ) M/SEC EPSLON........... 0.5000 % 
OBS..( 0 .41 ,  -0.68, -0.72 ) M ( I N  MOTION ) 
- BLADE GEOMETRY 
RINNER... 0.155 M 
R........ 1.829 M 
E........ 0.000 M 
NBLADE... 2 
OUTPUT PARAMETERS --_-------------- 
- FORCES PER BLADE 
(TIME AVERAGED) 
THRUST....... 1318.491 N 
TORQUE....... 80.618 N-M 
POWER........ 10 .941  KW 
POWER........ 14 .666  HP 
COEFFICIENTS ( DEG ) 
-FLAPPING -FEATHERING -LAGGING 
AO... 2.75 A A 0 . e .  13.53 EEO... 0.00 
Al. . .  -0.27 AAl . . .  -1.61 EEl... 0.00 
Bl . . .  -0.01 BBl . . .  1 .44  FFl . . .  0.00 
A2... 0.00 AA2... 0.00 EE2... 0.00 
B2... 0.00 BB2... 0.00 FF2... 0.00 
- TIME QUANTITIES 
DT........ 0 .289 MSEC 
PERIOD.. .. 23.148 MSEC 
BPF....... 43.200 HZ 
- OASPL ( dB re 2 0  MICROPA ) - VELOCITIES 
THICKNESS...... 109.56 dB 
LOADING........ 128.36 dB 
OVERALL.. ...... 127.45 dB 
RMNO.. ... 0.730 
VMNO.. ... 0.091 
HMNO.. ... 0.820 



















































E x a m p l e  2 
-- THICKNESS NOISE -- 









































































































































-- LOADING NOISE -- 
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E x a m p l e  2 
----e- OVERALL ------ 
LEVEL PHASE 


























































































C - CONSTANT CHORD 
C 
CH= 0.1334 
The t h i r d  example shows t h e  usage of func t iona l  form of loading. I n  t h i s  hover- 
i n g  case, t h e  s e c t i o n  l i f t  c o e f f i c i e n t  is c a l c u l a t e d  based upon a t h r u s t  c o e f f i c i e n t  
CT = 0.0028. 
between lift and drag. These models can be seen as they  are implemented i n  t h e  sub- 
r o u t i n e  FUNPSI. This case also i l l u s t r a t e s  t h e  program opt ions  FULL = .FhLSE. and 
The drag  c o e f f i c i e n t  is  approximated using a parabolic r e l a t i o n s h i p  
MOTION = .FALSE. 
59 
C 
C - P I T C H  CHANGE A X I S  ON THE QUARTER CHORD 
C 
LED= -. 25*CH 
LEDP= 0. 
PCAD= 0. 
PCADPz  O 
C 










C - END OF FUNE2. 
60 
SUBROUTINE FUNE2Q 
$ ( E2,  R, Q, CMBR, CMBRP, THK, THKP ) 
C 
C THIS SUBROUTINE I S  AN INPUT TO THE HELICOPTER PROGRAlY WOPWOP. 
C THE VARIABLES I T  RETURNS ARE FUNCTIONS OF ONLY THE SPANWISE 
C LOCATION (E2)  OR THE NORMALIZED SPANWISE LOCATION (ER = E2/R)  
C AND THE NORMALIZED CHORDWISE LOCATION (Q). THESE VARIABLES ARE: 
C 
C E2  SPANWISE LOCATION 
C ER NONDIMENSIONAL SPANWISE LOCATION - RE. - R 
C Q NONDIMENSIONAL CHORDWISE LOCATION - RE. - CH 
C CMBR NORMALIZED CAMBER AS MEASURED FROM THE MEAN CHORD LINE. 
C THK NORMALIZED THICKNESS AS MEASURED FROM THE CAMBER LINE. 
C THKP DERIVATIVE OF THK WRT Q. 
C 
C NOTE: ALL OF THE ABOVE TERMS ARE NORMALIZED WITH RESPECT TO THE 
C 
C - START OF FUNE2Q. 
C 
C - NACA 0012 AIRFOIL SECTION - UH-1 BASELINE ROTOR 
C 
C CMBRP DERIVATIVE OF CMBR WRT Q. 
C THICKNESS RATIO TIMES THE CHORD (TRAT*CH). 
CMBRP= 0. 
THK= ( 2969*SQRT( Q )+Q* ( -. 1 2  6+Q* ( -. 35 1 6+Q* ( .2843 -. 10 1 5*Q) ) ) ) / - 2  
I F (  Q.GT.0 ) THEN 
ENDIF 
C - END OF FUNE2Q. 
RETURN 
END 
THKP=(. 1485/SQRT( Q)+( -. 126+Q*( -. 7032+Q*(. 8529 -. 4060*Q) ) ) ) / .2 
61 
SUBROUTINE FUNPSI (E2,RR, Q, PSII, SURFP, DP, SPU, SPL, SIGMAU, 
PARAMETER( NXOC=19 ) 
$ SIGMAL, DPCP, SPUP, SPLP, SIGUP, SIGLP ) 
C 




























FUNCTION OF SPANWISE POSITION (E2), CHORDWISE POSITION (Q), AND AZIMUTHAL 
POSITION (PSI). IT RETURNS THE TIME DERIVATIVE OF PRESSURE ON THE UPPER 
AND LOWER SURFACES. A MEAN PRESSURE AND MEAN PRESSURE DERIVATIVE ARE ALSO 
CALCULATED. IF SURFP = .FALSE. THE MEAN SURFACE IS USED. 
SURFACE STRESSES AND THEIR DERIVATIVES ARE ALSO INPUT FOR THE UPPER AND 


















NONDIMENSIONAL SPANWISE LOCATION - RE. - R 
NONDIMENSIONAL CHORDWISE LOCATION - RE.- CH 
AZIMUTHAL ANGLE (RADIANS) 
FLAG FOR MEAN SURFACE CALCULATION ( .TRUE. - FULL SURFACE) 
( .FALSE.- MEAN SURFACE) 
UPPER SURFACE PRESSURE 
LOWER SURFACE PRESSURE 
SPL - SPU 
TIME DERIVATIVE OF SPU 
TIME DERIVATIVE OF SPL 
SPLP - SPUP 
UPPER SURFACE STRESS TERM 
LOWER SURFACE STRESS TERM 
TIME DERIVATIVE OF SIGMAU 
TIME DERIVATIVE OF SIGMAL 
C - START OF COMMON BLOCK. 
C 
COMMON /PI/ DTR, PI, RTD, TWOPI 
COMMON /ETC/ C, RHO, ALPHAF, REV, PTIP, VH(3), OBS(3), RINNER, 
COMMON /BYFUN/ AAE2, AAE2P, CH, CHP, CMBR, CMBRP, LED, LEDP, 
I $ PCAD, PCADP, THK, THW, TRAT, TRATP, CRAT, CRATP 
COMMON /ANGLES/ PSI, PSIP, CPSI, SPSI, C2PS1, S2PS1, 
$ AO, Al, B1, A2, B2, BETA, BETAP, BETAPP, CBETA, SBETA, CONB, 
$ EEO,EEl,FFl,EE2,FF2, ZETA, ZETAP, ZETAPP, CZETA, SZETA, CONZ, 
$ AAO,AAl,BBl,AA2,BB2,THETA,THETAP, THETPP,CTHETA,STHETA, CONT 
$ R, DOQUAD, CINV, OMEGA 
C 
C - END OF COMMON BLOCK. 
C 
C - START OF FUNPSI. 
REAL M2 ,MU, LAMDA, LMDAI 
DIMENSION XOC( NXOC) ,V12 (NXOC) ,V12P( NXOC) , DVA12(NXOC) , TEMP( NXOC) , 
LOGICAL FIRST,SURFP 
$ DVAl2P (NXOC) 
C - THIS SUBROUTINE ROUGHLY CALCULATES THE CL VALUE AND APPROXIMATES THE 
C SEE ABBOTT AND VON DOENHOFF. 
I C SURFACE PRESSURE DISTRIBUTION BY THE METHOD OF VELOCITY ADDITION. 
C 
C VELOCITIES FOR AN NACA 0012 AIRFOIL 
C 




$ 60. ,70. ,80. ,90. ,95., loo./ 
$ 1~162,1~135,1~108,1~080,1.053,1.022,~978,~954,0./ 
$ .239,.187,.149,.118,.092,.068,.044,.029,0./ 
DATA INTORD/l/, 110/-1/, NTAB/l/ 
SURE'P=.TRUE. 
ER = E2/RR 
IF( FIRST ) THEN 
C 
C - EXECUTE ON THE FIRST CALL OF FUNPSI TO INITIALIZE 
C 
DO 10 I=l,NXOC 





C - ESTIMATE SECTION ANGLE OF ATTACK ( IN RADIANS ) AND ALPHA DOT 
C 
CT = .0028 
UT = ER 
UP = SQRT( CT/2 ) 
PHI = ATAN2( UP, UT ) 
ALPHA = THETA + AAE2 - PHI 
C 
C - APPROXIMATE VELOCITY OF THE SECTION 
VEL = UT*OMEGA*RR 
M2 = (VEL*CINV)**2 
C 
C - ESTIMATE THE PRESSURE 
C 
C - VELOCITY DUE TO THICKNESS 
C 
C 
C - VELOCITY DUE TO ANGLE OF ATTACK 
C 
C 
C - LIFT COEFFICIENT CALCULATION AND COMPRESSIBILITY CORRECTION 




CLCORR = 1. 
IF( ER .GT. . 9 )  CLCORR = (10.*(1-ER))**2 
SQRTM2= l/SQRT(l-MZ) 
CL = 5.7*ALPHA*SQRTM2 
FALPHA = CL*CLCORR 
CPU = 1. - ( V1 + V2*FALPHA ) **2 




C - CALCULATE DYNAMIC PRESSURE 
C 
C - SPU = UPPER SURFACE PRESSURE - PO (GAUGE PRESSURE)  
C 
QDYN = .5*RHO*VEL*VEL 
c - SPL = LOWER SURFACE PRESSURE - PO (GAUGE PRESSURE) 
SPU = QDYN*CPU 
S P L  = QDYN*CPL 
DP = SPL - SPU 
C 
C - SIMPLE DRAG LOADING USED 
C 
CDO = .006 
CD1 = .004 
S IGMAU= SGMA* .5 
SIGMAL= SGMA*. 5 
SGMA = (CDO + CD~*CL*CL)*QDYN 
C 
C - TIME DERIVATIVES 
SPUP= 0. 
SPLP= 0. 
















R= 1.829, RINNER= 0.1554, 
A0=2.75, 
EPSLON=.5, 
MOTION= .FALSE. , 
CENTER=.TRUE., 
FULL=.FALSE , 
DOTIP= FALSE , 
Al=O., BlsO., 
AA0=15.0, AAl=O., BB1=0., 
ALPHAF=O. , 
REV= 1296., 
VH= O., O., O., 
OBS= 3., 0. , 0. $ 
Example 3 
1/4 Scale ITH-1 rotor; Functional form of loading fo r  hovering rotor 
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Example  3 
1 /4  S c a l e  UH-1 r o t o r ;  F u n c t i o n a l  form of loading  f o r  hovering ro to r  
- OPERATING CONDITIONS - COMPUTATION INFORMATION 
C.. ....... 340.00  M/SEC NPTS.............200 
RHO....... 1 .2340 KG/M**3 NSPEC............ 30 
ALPHAF.... 0.00 DEG NSPAN............ 13 
REV.......1296.00 RPM ICE.............. 16 
PTIP.  0.00 PA NTE.............. 1 2  
VH...( 0.0, 0.0, 0.0 ) M/SEC EPSLON........... 0.5000 % 
TZERO. ... .O. 0000000 SEC DOQUAD.......*..* 0 .2500 
OBS..( 3.00, 0.00, 0.00 ) M ( STATIONARY ) 
- BLADE GEOMETRY 
RINNER.. . 0.155 M 
R........ 1 .829  M 
E........ 0.000 M 
NBLADE... 2 
- FORCES PER BLADE 
(TIME AVERAGED) 
THRUST....... 1132 .976  N 
TORQUE. ...... 89 .876  N-M 
POWER.. ...... 12.198 KW 
POWER. ....... 16.351 HP 
COEFFICIENTS ( DEG ) 
AO... 2 .75  AAO... 15.00 EEO... 0.00 
Al . . .  0.00 AAl... 0.00 EEl . . .  0.00 
Bl . . .  0.00 BBl...  0.00 FFl. . .  0.00 
A2... 0.00 AA2... 0.00 EE2... 0.00 
B2... 0.00 BB2... 0.00 FF2... 0.00 
-FLAPPING -FEATHERING -LAGGING 
- TIME QUANTITIES 
DT........ 0.116 MSEC 
PERIOD.... 23 .148  MSEC 
BPF....... 43 .200  HZ 
- OASPL ( dB re 2 0  MICROPA ) - VELOCITIES 
THICKNESS.. .... 110.26 dB 
LOADING........ 107 .03  dB 
OVERALL. ....... 107.73 dB 
RMNO.. ... 0 .730  
VMNO.. ... 0.000 
HMNO.. ... 0.730 
EXECUTION TIME FOR NOISE CALCULATION - 789.79 CPU SECONDS 
66 























































































































































































































































93 FORMER LEVEL = 1.7344 PA 
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OVERALL PRESSURE SPECTRA ........................ 
2 9-JAN-86 

































































OVERALL NOISE ----- 
LEVEL PHASE 






























































07: 51 : 24 
EXAMPLE 4 
The f o u r t h  example i s  t h e  same as example 2 b u t  with a s t a t i o n a r y  observer  i n  
t h e  f a r - f i e l d .  T h i s  example s imula t e s  a h e l i c o p t e r  f l y i n g  ove r  an observer .  N o t e  i n  
t h i s  example t h a t  t h e  n e a r - f i e l d  p re s su re  does n o t  c o n t r i b u t e  t o  the  no i se ,  b u t  t h e  
program does p r e d i c t  a s t e a d y  p res su re  from t h e s e  terms. One should remember t h a t  a 
microphone does n o t  measure the  s t eady  pressure f i e l d .  ( N o t e  t h a t  t he  i n p u t  subrou- 
t i n e s  may be found i n  example 1 and t h e  inpu t  d a t a  from t h e  C81 a n a l y s i s  are found i n  
example 2; t h e r e f o r e ,  t h e s e  w i l l  n o t  be repeated here . )  



















OBS= O., O., 17. $ 
Example 4 
AA0=13.529, AA1=-1.607, BB1=1.440, 
VH= 30.9, O., O., 
1/4 Scale UH-1 r o t o r ;  Stat ionary Observer ; Loading from C81 (AGAJ77) 
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5-MAR-86 1 3 : 5 5 : 4 2  
E x a m p l e  4 
1 / 4  S c a l e  UH-1 r o to r ;  Stationary Observer ; L o a d i n g  from C 8 1  (AGAJ77) 
INPUT PARAMETERS ---------------- 
- OPERATING CONDITIONS - COMPUTATION INFORMATION 
C... ...... 340.00 M/SEC NPTS............. 80 
RHO ....... 1.2340 KG/M**3 NSPEC............ 2 0  
ALPHAF.... -8.00 DEG NSPAN............ 13 
REV.......1296.00 RPM NLE.............. 16 
PTIP...... 0.00 PA NTE.............. 12  
TZER0.....0.0000000 SEC DOQUAD........... 0 . 2 5 0 0  
VH...( 30.9,  0.0, 0.0 ) M/SEC EPSLON........... 0.5000 % 
OBS..( 0.00, 0.00, 1 7 . 0 0  ) M ( I N  MOTION ) 
- BLADE GEOMETRY 
RINNER... 0.155 M 
R........ 1 , 8 2 9  M 
E........ 0.000 M 
NBLADE... 2 
- FORCES PER BLADE 
(TIME AVERAGED) 
THRUST..,.... 1311.340 N 
TORQUE 
POWER.. ...... 11.689 KW 
POWER.. ...... 15.668 HP 
86 .125  N-M 
- OASPL ( dB re 2 0  MICROPA 
THICKNESS...... 46 .55  dB 
OVERALL.. ...... 85.60 dB LOADING. 8 5 . 5 5  dB 
EXECUTION TIME FOR NOISE CALCULATION - 
COEFFICIENTS ( DEG ) 
AO... 2 .75  AAO... 13 .53  EEO... 0.00 
Al. . .  -0 .27  AAl... -1.61 EEl . . .  0.00 
A2... 0.00 AA2... 0.00 EE2... 0.00 
B2... 0.00 BB2... 0.00 FF2... 0.00 
-FLAPPING -FEATHER1 NG -LAGGING 
B 1 . a .  -0.01 BB1.e.  1 .44  FF1.e .  0.00 
70 
- TIME QUANTITIES 
DT........ 0 .289  MSEC 
PERIOD.... 23 .148  MSEC 
BPF....... 43 .200  HZ 
- VELOCITIES 
RMNO.. ... 0.730 
VMNO.. ... 0.091 
HMNO..... 0 .820  
650 .68  CPU SECONDS 







































































































































































































































































































































-- OVERALL - 



























































































































































































































































































































































PRESSURE SPECTRA OF NOISE COMPONENTS 
, 
5 -MAR-8 6 
HARMONIC ----- --- 
FREQUENCY 
(HZ) 





















OVERALL ------ THICKNESS ------ 
LEVEL PHASE LEVEL PHASE 





















97.4 46.6 43.4 
76.5 -2.0 -33.1 
-110.5 -26.4 -164.1 
140.8 -22.4 167.6 
33.1 -38.6 141.3 
-40.4 -26.7 171.9 
-156.1 -27.9 136.2 
110.1 -28.8 -133.0 
15.0 -28.6 134.0 
-163.1 -39.3 -79.9 
149.8 -26.9 153.6 
125.3 -44.9 92.9 
-36.9 -27.2 -158.6 
-92.6 -34.4 53.7 
167.2 -31.2 -126.4 
-68.9 -33.8 -119.5 
-133.4 -31.6 172.2 
60.4 -29.2 -42.7 
12.3 -38.6 -171.0 
























DESCRIPTION OF WOPPLT PROGRAM 
The separa te  program, c a l l e d  WOPPLT, w r i t t e n  a t  the  Langley Research Center  is 
an i n t e r a c t i v e  p l o t t i n g  program used t o  p l o t  t he  output  from t h e  h e l i c o p t e r  n o i s e  
program WOPWOP. 
t o  examine the  noise  from a h e l i c o p t e r  ro to r .  
WOPPLT used i n  conjunct ion with WOPWOP forms a valuable  system used 
The p l o t t i n g  program WOPPLT has c a p a b i l i t i e s  t o  do the  following: 
1. P l o t  acous t ic  s igna tu re  as a func t ion  of t i m e  
2. P l o t  sound pressure  level  (SPL) a s  a func t ion  of harmonic number 
3. P l o t  phase as a funct ion of harmonic number 
4. P l o t  both acous t i c  s igna tu re  and SPL on one frame 
These c a p a b i l i t i e s  a r e  mul t ip l i ed  by the  a d d i t i o n a l  c a p a b i l i t y  t o  p l o t  var ious  
types of da t a  i n  each of t he  above representa t ions .  
be p lo t t ed :  
The fol lowing types of d a t a  can 
1. Overall n o i s e  
2. Thickness noise  
3. Loading no i se  
The near - f ie ld  and f a r - f i  Id  c, rnponents of these  a r e  also ava i l ab le .  Three 
l i n e s  of da t a  may be p l o t t e d  on any one frame. (This  l i m i t a t i o n  may be changed.) 
Using mult iple  l i n e s  of da t a  makes comparisons very easy  indeed. I f  d a t a  from 
sources o the r  than WOPWOP a r e  put  i n t o  the  same format as the  d a t a  f i l e  WOPPLT, 






Format Variable  Def in i t i on  
A7 9 TEXT - 79-character case i d e n t i f i e r  
2A10,1X,A10,1X,E10.4 DAY, TIME, IDENT, CSEC 
DAY - D a t e  
TIME - Time of day 
IDENT - 10-character  case i d e n t i f i e r  
CSEC - Execution t i m e  on Computer 
6(1X,E10.4) C, RHO, ALPHAF, REV, PTIP, TZERO 









3(  1 X,E10.4) 
7( 1 X,E10.4) 
(See " Input  Data" f o r  desc r ip t ion .  
NPTS, NSPEC, NSPAN, NLE, NTE, DOQUAD, EPSLON 
(See " Inpu t  Data" f o r  desc r ip t ion .  1 
RINNER, R, E, NBLADE 
(See " Inpu t  Data" f o r  desc r ip t ion .  ) 
AO, A I ,  R 1 ,  A 2 ,  B2 
(See " Input  Data" f o r  desc r ip t ion .  1 
AAO, AA1, BB1 , AA2, BB2 
(See " Input  Data" f o r  desc r ip t ion . )  
EEO, E E I ,  FF1, EE2, FF% 
(See " Inpu t  Data" f o r  desc r ip t ion . )  
THRUST, TORQUE, POWER, BPOWER 
THRUST - Thrust  pe r  blade 
TORQUE - Torque pe r  b lade  
POWER - Power pe r  blade i n  k i lowa t t s  
BPOWER - Power pe r  blade i n  horsepower 
DT, PERIOD, BPF 
DT - Time increment between calculations i n  t i m e  
PERIOD - Blade passage per iod 
BPF - Blade passage frequency 
h i s t o r y  
OSPLTF, OSPLTN, OASPLT, OSPLDF, OSPLDN, OASPLD I 
OASPLO 
OSPLTF - Overall sound pressure  f o r  f a r - f i e l d  
OSPLTN - Overal l  sound pressure  f o r  nea r - f i e ld  
OASPLT - overall sound pressure  f o r  t o t a l  th ickness  
OSPLDF - Overa l l  sound pressure  f o r  f a r - f i e l d  
OSPLDN - Overal l  sound pressure  f o r  nea r - f i e ld  
OASPLD - Overal l  sound pressure  €or  t o t a l  loadinq 
nASPT.0 - Overall sound pressure 
thickness  noise  
thickness  noise  
noise  
loading no i se  
loading no i se  
noise 
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13 3(1X,E10.4) RMNO, VMNO, HMNO 




RMNO - Rota t iona l  Mach number 
VMNO - Forward Mach number 
HMNO - H e l i c a l - t i p  Mach number 
CENTER, DONE, DOTIP,  FULL, MOTION, SAVE 
(See " Input  Data" f o r  d e s c r i p t i o n . )  
THF - Far- f ie ld  th ickness  p re s su re  a t  t i m e  I 
THN - Near-f ie ld  th ickness  p re s su re  a t  t i m e  I 
TH - ~ o t a l  th ickness  p re s su re  a t  t i m e  I 
DPF - Far- f ie ld  loading p res su re  a t  t i m e  I 
DPN - Near-f ie ld  loading pressure  a t  t i m e  I 
DP - T o t a l  loading p res su re  a t  t i m e  I 
0 - T o t a l  p re s su re  a t  t i m e  I 
This l i n e  is repeated NPTS t i m e s .  
I 5 , 6 (  1X,E10.4) IOEP , OEPTHF, OEPTHN, OEPTH, OEPDPF, OEPDPN, OEPDP 
IOEP - O r i g i n a l  end p o i n t  va lue  of I 
OEPTHF - THF a t  o r i g i n a l  end p o i n t  
O E P T "  - THN a t  o r i g i n a l  end p o i n t  
OEPTH - TH a t  o r i g i n a l  end p o i n t  
OEPDPF - DPF a t  o r i g i n a l  end p o i n t  
OEPDPN - DPN a t  o r i g i n a l  end p o i n t  
OEPDP - DP a t  o r i g i n a l  end p o i n t  
This l ine  is p resen t  only i f  CENTER = .TRUE. 
THFA - Amplitude of I t h  harmonic of f a r - f i e l d  
THMA - Amplitude of I t h  harmonic of nea r - f i e ld  
THA - Amplitude of I t h  harmonic of t o t a l  th ickness  
DPFA - Amplitude of I t h  harmonic of f a r - f i e l d  
DPNA - Amplitude of I t h  harmonic of nea r - f i e ld  
DPA - Amplitude of I t h  harmonic of t o t a l  loading 
OA - Amplitude of I t h  harmonic of o v e r a l l  noise  
th ickness  no i se  
th ickness  no i se  
noise 
loading no i se  
loading noise 
noise  
This l i n e  is repeated NPSEC times. 
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17 7( lX,E10.4) 
THFA - Phase of I t h  harmonic of f a r - f i e l d  th ickness  
THNA - Phase of I t h  harmonic of nea r - f i e ld  th ickness  
THA - Phase of I t h  harmonic of t o t a l  th ickness  no i se  
DPFA - Phase of I t h  harmonic of f a r - f i e l d  loading  
DPNA - Phase of I t h  harmonic of nea r - f i e ld  loading 
DPA - Phase of I t h  harmonic of t o t a l  loading  n o i s e  
OA - Phase of I t h  harmonic of o v e r a l l  n o i s e  
no i se  
n o i s e  
n o i s e  
no i se  
This l i n e  is  repeated NPSEC t i m e s .  
WOPPLT organizes  the  d a t a  by us ing  t h e  same case i d e n t i f i e r s  used i n  WOPWOP and 
a l s o  p r i n t s  the  same summary d a t a  sheet. This d a t a  s h e e t  con ta ins  a l l  the WOPWOP 
program inpu t s  and t h e  ' c a l cu la t ed  values  of ro to r  t h r u s t ,  torque,  and power. It also 
conta ins  the  o v e r a l l  sound pressure  l e v e l  (OASPL), r e l a t e d  blade Mach numbers 
( r o t a t i o n a l  - RMNO, forward - VMNO, and h e l i c a l  - HMNO), b lade passage frequency, and 
da ta  and t i m e  of program execut ion.  This data  s h e e t  provides  a l l  the information 
necessary  to  i d e n t i f y  the  case and a i d  i n  the eva lua t ion  of t h e  data .  
WOPPLT is wr i t t en  t o  work i n  an i n t e r a c t i v e  environment. The use r  is  quer ied  t o  
determine the  number of d a t a  f i l e s  t o  be used, t h e  types of p l o t s ,  etc. The q u e r i e s  
are s t r a igh t fo rward  and l o g i c a l .  They appear as var ious  menus. 
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APPENDIX D 
GRAPHICAL OUTPUT FROM WOPPLT PROGRAM 
In  this appendix the  g r a p h i c a l  o u t p u t  from the  p l o t t i n g  program WOPPLT i s  shown 
f o r  t he  fou r  examples g iven  i n  appendix R .  Fach graph is  c l e a r l y  l abe led  a t  the  bot- 
tom of each page. For each example, three graphs are shown. These graphs show the  
acous t ic -pressure  t i m e  h i s t o r y  and sound p res su re  l e v e l  of t h e  o v e r a l l  no i se ,  t h i ck -  
ness noise ,  and loading noise  i n  the f i r s t  frame. The th ickness  and loadinq no i se  
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2oo F 
I I I I I I I 1 
0. .2 .4 .6 . 8  1 .o -50 
Time, period = 23.15 msec 
OASPL (dB) 
B 127.40 0 Overall 
109.60  0 Thickness 
B 128.40 D Loading 
8 
0 8 b b o ,  
0 0 0 
W 
60 0 D O  D O O D o O  
D 0 m TI 
0 
0 
Harm. no., BPF = 43.2 Hz 














0. .2 .4 .6 .8 1 .o 
Time, period = 23.15 rnsec 
140 F 
0 
Q - =t 120 0 L 
c\J " L  80 t 2 W 60 
" I  -0 
a. 2 0 1  
OASPL (dB) 
109.60 0 Total 
99.86 0 Far-Field 














0. .2 .4 .6 .8 1 .o 
Time, period = 23.15 msec 
OASPL (dB) 140 r 
0 







Harm. no., BPF = 43.2 Hz 














































I I I I I I I 1 1 I 
.2 .4 .6 .8 1 .o 











107.70 0 Overall 
110.30 0 Thickness 
107.00 D Loading 
Exampie 3 Noise 
85 




.- + (I) -..I 
I I 1 I 1 I I I I I 
0. .2 .4 .6 .8 1 .o 
Time, period = 23.15 msec 
-40 
120 r OASPL (dB) 
t 
100 4 Y 
O c\J 8or 
m 
-0 40 
110.30 0 Total 
108.90 0 Far-Field 
108.10 D Near-Field 
Q $  
Q Q  
Example 3 Thickness Noise 
86 
Total --_-- Far-Field 
--- Near-Field Q 
,- 





I I I I I 1 1 I I 
0. .2 .4 .6 .8 1 .o 
Time, period = 23.15 msec 
I - 40 
OASPL (dB) 1 2 0  r 
I- 107.00 0 Total 
100.70 0 Far-Field 
102.20 b Near-Field 
Harm. no., BPF = 43.2 Hz 
Example 3 Loading Noise 
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